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ABSTRACT OF THE DISSERTATION
Synthesis, Self-Assembly, and Material Applications of Unimolecular Polyviologens
by
Abigail Delawder
Doctor of Philosophy in Chemistry
Washington University in St. Louis, 2021
Professor Jonathan C. Barnes

Intellectual Gaps: Synthesis of high molecular weight, unimolecular, and sequence-defined
polyviologens; spatiotemporal control over mechanical properties of materials using visible and
near-IR light; on-demand, post hoc manipulation of materials
Intellectual Merit: Robust method for synthesizing higher-order polyviologens of distinct
molecular weight; control the change in the mechanical properties of polymer-based, crosslinked
materials using a wide range of wavelengths of light; degradation of viologen-crosslinked
hydrogels
To understand fundamentally how viologens behave within a polymer chain, we needed
a better and more efficient way of synthesizing these long chains of polyviologens. As simple as
this process looks on paper, the synthesis is tedious due to numerous degradation pathways, the
hygroscopic nature of the linker, and intractability of the components. After numerous trials, a
streamlined synthesis of a 26 viologen unit chain tethered by aliphatic spacers was developed
and its controlled degradation under mildly basic conditions was studied. Switching from a
hydrophilic and hygroscopic linker (hexaethylene glycol from previous works) to a more
hydrophobic chain greatly improved solubility in organic solvents and subsequent purification.
xv

This new methodology allowed for the investigation into how the sequence of eight different
polyviologens affects the bulk properties of the individual.

With an eye toward biomedical

applications, this work lays the foundation for the facile synthesis of new viologen-based
materials.
Next, the incorporation of the viologen-based compounds in hydrogels was investigated.
First-generation syntheses of hydrogels proceed through azide-alkyne “click “ chemistry between
azide-terminated polyviologens/polyethylene glycol and alkyne-functionalized crosslinkers. The
second-generation hydrogel syntheses were improved by implementing new chemical
functionality amenable to free-radical polymerizations, making gel synthesis operationally easier
and scalable. A photoredox-based mechanism for reducing viologens to their radical cations
inside the hydrogels was demonstrated using visible and near-infrared light and sacrificial
reductants. The O2-reversible photoreduction results in total gel contraction; in some cases down
to 15–20% the original volume, while also making the gels stronger, tougher, and stiffer.

xvi

Chapter 1:

Introduction

1.1 Stimuli-Responsive Polymers and Materials
The status quo for decades existed to where the generation of polymers contained only a
small library of simple monomers. While these polymers can exhibit wide ranging properties
depending on polymer length and crystallinity, most of these polymers and polymer-based
materials were static: they cannot respond to an external stimulus other than to undergo slow
decomposition, phase transitions, and/or changes in crystallinity.
“Smart polymers”, or stimuli-responsive polymers respond to external stimuli in a solution
containing the stimulant or when an exogenous stimulant is applied. This response could be due
to a variety of chemical processes including acid-base,1, 2 enzymatic,3 and redox reactions.2, 4-6

1.1.1 Degradation/Depolymerization of Stimuli-Responsive Polymers
A vast majority of current, industrially-relevant polymers – whether unimolecular or
polydisperse in nature7 – are resistant to degradation, which poses a significant environmental
problem8 that can only be somewhat remedied through existing recycling technologies and
infrastructure. A large effort has begun in recent years to develop robust, functional polymeric
materials that can degrade under mild conditions and in a controlled manner.9-15
For example, Sumerlin and coworkers capitalized on reversible covalent chemistry to
synthesize, degrade, reshape, and resynthesize complex hydrogel structures that utilize the
“strength of covalent bonds while maintaining reversibility of noncovalent linkages.”16 Under 365
nm light, a reversible dimerization process occurs where one coumarin undergoes a [2+2]
cycloaddition with another coumarin, but under 254 nm light, the cycloadduct will undergo a [2+2]
1

cycloreversion (Figure 1.1a). To make their photoresponsive hydrogels, the authors polymerized
N,N-dimethylacrylamide (DMA) and a coumarin acrylate (CouAc) in a 99:1 ratio DMA:CouAc at
1.5 M in dioxane at 70 °C for 1 h (Figure 1.1b,c). This polymerization produced polymers with
an average molecular weight of ~100 kDa. Upon increasing the mol% of CouAc from 1% to 5%
using the same polymerization conditions, gelation occurred. The authors hypothesized that the
gelation process ocurred due to either chain transfer to the vinylic carbons in the coumarin moiety
or direct polymerization through the vinyl groups. This gelation process was remedied by
decreasing the monomer concentration from 1.5 M to 0.5 M and lowering the temperature to 60
°C. Next, hydrogels were synthesized by dissolving the polymer (5 wt%) in H2O and exposing the
mold to 365 nm light for 30 min. This gelation was completely reversed (gel-sol transition) by
exposing the gel to 254 nm light. The polymer was then recovered, redissolved in H2O, remolded,
and re-crosslinked to form a hydrogel of a different shape. Since these hydrogels can respond to

Figure 1.1: Coumarin-based reversible fabrication of a hydrogel. a,b) Upon irradiation with 365 nm light, the coumarin
appended polymer crosslinks into a well-formed hydrogel through interchain [2+2] cycloadditions. However, upon
irradiation with 254 nm light, the hydrogel converts back to free polymer chain through [2+2] cycloreversions. The
polymer can then be recovered, remolded, and gelled into a new shape. Photopatterning was performed to demonstrate
the spatiotemporal control over areas that were depolymerized or remained intact. c) Fabrication of a hollow sphere
using the degradable core. After irradiation with 254 nm light, the interior polymer solution was carefully removed
revealing a completely hollow sphere. Image used with permission, Kabb et. al. ACS Appl. Mater. Interfaces 2018, 10,
16793-16801.

2

a light stimulus, the authors photopatterned a gel using a photomask in the shape of the
university’s logo. After exposing the material to 254 nm light, only the portions of the hydrogel
that were exposed to UV light were converted to the soluble polymer; the photo masked logo
remained completely intact. They were also able to generate more complex structures, hollow
spheres and tubes, by first making hydrogels composed of the light-responsive coumarin polymer
and polymerizing an unresponsive gel on the exterior (Figure 1.1c). After subjecting the gels to
254 nm light, the interior of the hydrogels transitioned to the soluble polymer, leaving the outer
shell intact. The materials described were also nontoxic to cells suggesting that these materials
could be used in the future for biomedical applications. However, the use of high-intensity UV
light is detrimental to cells and further work needs to be done to mitigate this cytotoxicity.
With an eye toward more biologically relevant and compatible end-of-life degradation, a
former post-doctoral research associate in the Barnes Lab, Dr. Angelique F. Greene, now at Scion
(New Zealand Forest Research Institute Limited), developed a new 3D printed material that can
be degraded under mild conditions using an enzyme (Figure 1.2).3 The authors embedded solid-

Figure 1.2: 3-D printing of an enzyme-embedded degradable plastic. (A) Printing diagram for the fabrication of the
degradable materials. Powdered poly(caprolactore) was mixed with Amano lipase from Burkholderia cepacia, loaded
into the printer head, initially heated to 100 °C, cooled to 90 °C, and printed into a 400 μm film. (B) Enzymatic
degradation mechanism for the complete breakdown of the plastic material. Image used with permission, Greene et.
al. Biomacromolecules 2021, 22, 1999-2009.

3

Figure 1.3: Degradation of the polymer films after shaking in 37 °C phosphate buffer. After 7 d, 5% Amano lipase
loaded plastic completely degrades revealing the inert Kiwi, the unofficial bird of New Zealand. Image used with
permission, Greene et. al. Biomacromolecules 2021, 22, 1999-2009.

state Amano lipase (from Burkholderia cepacia) into powdered poly(caprolactone) (PCL) at 0.1,
1.0, and 5 % loading. The print bed of the 3D printer was then heated to 60 °C, while the reservoir
containing the polymer/enzyme mixture was heated to 100 °C initially to achieve the desired flow,
and then was cooled to 90 °C for the rest of the print. The authors noted that Amano lipase could
withstand temperatures of up to 130 °C for 60 min without loss of enzymatic activity, so the
temperatures they used for their print would not significantly inhibit the enzymatic degradation of
the polymer materials. After printing, the fabricated materials were placed in 37 °C phosphate
buffer on a shaker table and the mass of the materials were tabulated over the course of 7 d
(Figure 1.3). As a control, a solution containing the Amano lipase was incubated with
poly(caprolactone) to determine whether the embedding of the enzyme was crucial to its fast and
facile degradation. After 7 d, 5.2, 92.9, and 100% degradation occurred for the 0.1, 1.0, and 5.0%
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embedded PCL whereas the external enzyme degraded 4.7, 15.7, and 77.9% for the equivalent
amount of enzyme placed in 0.1, 1.0, and 5.0% loaded PCL. The authors believed this difference
was due to the inherent pore size within the material and the “enzyme memory effect” (EME)
which “primes” the enzyme to be able to reattach to a substance that it has already encountered
and perform the hydrolytic degradation more easily. This represents a new avenue to 3-D print
usable plastic materials that can be transformed at their end-of-life, while still being able to be
produced on an industrial scale.
Johnson and coworkers1 aimed to create a method of degrading ring-opening metathesis
polymerization-based

(ROMP) polymers, a property that is uncommon using norbornene

derivates using biologically relevant, mildly acidic conditions. Traditional ROMP-based polymers
cannot be easily degraded past the hydrophobic backbone of the polymer since cleavage of
carbon-carbon bonds is difficult. However, the authors incorporated a bifunctional silyl etherbased cyclic olefin into the polymerization mixture to create a functional handle capable of
degrading under mildly acidic conditions (Figure 1.4). A polymer consisting of 100 units of PEG
macromonomer and 100 units of the degradable linker was produced (iPrSi100-PEG100) using
Grubb’s 3rd generation catalyst. After subjecting the mixture to a solution of 0.2 M HCl in 10:1
dioxane:H2O, the GPC traces of the resultant mixture indicates degradation to one, two, and three
units of the PEG ring-opened macromonomer (Figure 1.4d). This result also indicates that the
polymerization proceeds in a statistical manner and not in a block structure where one monomer
is completely consumed before the second reacts. If this case were true, a peak corresponding
to PEG100 would be present in the spectrum. They were also able to control the kinetics of
degradation by altering the alkyl groups attached to the silicon. When comparing methyl, ethyl,
phenyl, and isopropyl groups, the addition of methyl and ethyl groups significantly increased the
degradation rate whereas isopropyl groups seemed the slow the rate. The authors note that the
relative extents of degradation versus time followed the expected reactivity trends of the silyl ether
5

Figure 1.4: Synthesis of an acid-degradable ROMP-based polymer. Upon addition of 2 M HCl, the polymer chains
break down into smaller units as evidenced by the GPC traces. By switching the groups attached to the silyl ether, the
authors could tailor the kinetics of degradation. Image used with permission, Shieh et. al. Nat. Chem. 2019, 11, 11241132.

functional groups where methyl silyl ethers are more reactive than isopropyl silyl ethers. 17, 18
Additionally, the authors produced crosslinked nanoparticles (Figure 1.1e) that contained an acidcleavable crosslinker, an acetal, in addition to the acid-cleavable cyclic olefin. Upon addition of
aqueous acid, the corona of the nanoparticle first degraded, revealing the degradable core.
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1.2 Controlling Dispersity in Polymerizations
1.2.1 Uncontrolled Polymerizations

Figure 1.5: Step-growth polymerizations using a wide variety of monomers. Right: Student synthesizing a nylon rope
using adipoyl chloride and hexamethylenediamine in the Synthetic Polymer Chemistry course (Chem 452) at
Washington University in St. Louis.

The first human-made step-growth polymeric material, Bakelite,19 a condensation product of
phenol and formaldehyde, revolutionized the manufacturing world and the development of stepgrowth polymerization methods that continue to provide chemists with a valuable approach to
make diverse, yet robust materials such as Nylon, Kevlar, and Nomex (Figure 1.5). These types
of polymerizations (namely, step-growth)20 typically involve the addition of difunctional monomer
units that upon reaction initially form a mixture of dimers, trimers, and tetramers and eventually
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Figure 1.6: Step-growth polymerization mechanism for the generation of monomers, dimers, trimers using two different
monomers (top) and a bifunction monomer (bottom).

react to form polydisperse polymers (Figure 1.6, Ð >1.5), where the dispersity7 refers to the
distribution of molecular weights of polymers within a batch. Nylon 4,6, for instance, can be
synthesized

through

the

addition

of

either

adipoyl

chloride

or

adipic

acid

and

tetramethylenediamine. This facile synthesis can be performed on an industrial scale or even in
an undergraduate polymer laboratory. These polymerizations can be programmed to synthesize
sequence-defined polymers, but they cannot currently produce unimolecular species as
described. In the case of the addition of difunctional molecules that contain both reactive groups,
a statistical mixture of monomer units will be incorporated into the growing polymer chain.
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However, in 1959,21 Robert B. Merrifield developed a new method that would eventually be used
to synthesize long chains of sequence-defined and unimolecular polymers (e.g. polypeptides)
using a solid-phase synthesis approach. This allowed for the total synthesis of a tetrapeptide in
1963,22 full automation of the synthesis of peptides in 1965,23 and a functional ribonuclease A in
1971.24 This Nobel Prize-winning21 approach later became the basis for iterative syntheses and
prompting a surge in the development of new methods to synthesize large, unimolecular
polymers.25-33 However, a significant intellectual gap existed for the development of new ways to
precisely synthesize unimolecular, abiotic polymers and materials.
Free-radical polymerization, a category of CGPs, involves the initiation of an organic
radical (heating, photolysis, etc.) and the subsequent reaction with monomers that typically
contain reactive alkenes (styrenes, acrylates, electron-deficient vinyl groups, Figure 1.7). Another
method of CGP utilizes a ring-opening approach where an initiator (e.g. benzyl alcohol/Sn(Oct)2,
NaOCH3) attacks an electrophilic carbon within a ring (carbonyl of an ester, carbon α to an oxygen
in an epoxide, etc). In contrast to step-growth polymerizations, the polymers are only able to
propagate from one end of the growing chain. Unfortunately, the dispersity of these types of
polymers can suffer due to termination pathways inherent to the reactions and/or slow initiation
and propagation kinetics. Free-radical-based CGPs suffer from incompatibility with ambient
oxygen and can terminate by the reaction of molecular oxygen, an irreversible process. The main
mode of termination for free-radical polymerizations is self-termination by radical combination of
growing polymer chains. Ring-opening-based CGPs that do not contain a catalyst cannot be
performed with any protic solvents, including trace amount of H2O present within the bulk sample
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Figure 1.7: Chain-growth polymerizations. The polymerization is initiated and only grows from one end of the chain.
This method of polymerization is simple but does not always yield narrowly dispersed polymer samples due to large
degrees of unwanted termination.

due to protonation of the growing end. These termination pathways limit the feasibility of obtaining
unimolecular polymers since it is impossible to control the statistical process with many avenues
of potential complications.

1.2.2 Controlled Radical and Other Living Polymerizations
Reversible-deactivation radical polymerizations (RDRPs) aim to minimize alternate
irreversible pathways by limiting the availability of free radicals on the growing polymer. Three
polymerizations that utilize this method are shown in Figure 1.8: nitroxide-mediated
polymerization (NMP, 1980s by Solomon, Waverley, Rizzardo, Hill, and Cacioli34, Figure 1.8a),
atom-transfer radical polymerization (ATRP, 1995, independently by Sawamoto35 and
Matyjaszewski, and Wang36, Figure 1.8b), and reversible addition-fragmentation chain transfer
polymerization (RAFT, 1998, by Moad, Rizzardo, and Thang37 but patented in 1999 by Corpart,
Charmot, Zard, Biadatti, and Michelet38, Figure 1.8c). Limiting the population of free radical
10

Figure 1.8: Reversible-deactivation radical polymerizations. a) Nitroxide-mediated polymerization. b) Atom-transfer
radical polymerization. v) Reversible addition-fragmentation chain transfer polymerization.

intermediates is achieved by carefully selecting reagents that activate and deactivate species in
situ. In NMP, a stable, persistent nitroxide radical reversibly caps and uncaps the growing polymer
chain whereas in ATRP, a Cu metal center reduces carbon-halide bonds to generate the polymercentered radical and re-oxidizes back to the halide-capped polymer precursor. RAFT-type
polymerizations also prevent the accumulation of radical components by utilizing a chain-transfer
agent. The kinetics of the activation/deactivation are crucial to the dispersity of the resultant
polymer samples. Since all individual polymer chains are generated at roughly the same time and
the concentration of active radical intermediates and growing polymer remains constant over the
course of the reaction, the rate of conversion from dormant to active states, governed by kact and
kdeact, gives rise to the control over the molecular weight of the resultant polymer. These methods
have been described as “living” polymerizations because at any point, more monomers can be
11

added and incorporated into the growing polymer. Unlike traditional free-radical polymerization
where the lifetime of the radical and therefore the lifetime of active intermediates is short (~10–3
s), reversible-deactivation polymerizations and other living polymerizations provide an infinite
lifetime of active radicals (barring complications and user error) using the activation and
deactivation of radicals and a narrow distribution of molecular weights (Đ < 1.08 – 1.20).

1.3 Viologens
1.3.1 History, Redox Properties, and Synthetic Strategies

Figure 1.9: Redox properties of 4,4ʹ-bipyridiniums. Traditional syntheses of viologens generate the dicationic species.
Upon sequential single electron reductions, the monoradical cation and the neutral species can be accessed.

Viologens, or 1,1ʹ-dialkyl-4,4ʹ-bipyridinium moieties, were first synthesized in the early 1860’s, but
were not fully characterized or studied until the 1930’s by Michaelis and coworkers.39 Viologens
undergo two distinct reductive processes through the addition or removal of one electron (Figure
1.9). The as-synthesized oxidation state viologen is dicationic and electron-deficient. Upon
addition of one electron through chemical, photochemical, or electrochemical means, the viologen
is reduced to the monoradical cation and possesses intriguing self-assembly properties (Figure
1.12).

An additional one-electron reduction of the monoradical cation results in the fully

reduced/neutral compound. The neutral state is electron-rich due to the available lone pairs of
the nitrogen. In most cases, the monoradical cation can return to the fully oxidized, dication state
easily by oxidation in air.
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Figure 1.10: Synthetic routes to access 4,4ʹ-bipyridinium-based viologens.

Viologens are typically easy to synthesize through a number of different methods since
their dicationic form is usually air- and bench-stable. The most widely used method to generate
viologens is the SN2 reaction of 4,4ʹ-bipyridine with an alkyl halide (Figure 1.10)40. The properties
of the viologens can be tuned by changing the alkyl chain attached, or the counteranion generated
during the reaction can be modulated for solubility and different redox properties. For example, if
an application requires a viologen to be soluble in aqueous media, halide, nitrate, sulfate, or
phosphate salts would be preferable. If organic solubility is desired, hexafluorophosphates or
tetrafluoroborates could be used. Additionally, viologens with primary substituents could be
prepared using [4,4'-bipyran]-1,1'-diium (oxonium)41 and subsequent treatment of the unstable
dication with a primary amine to generate the viologen or a reductive homocoupling reaction of
13

alkylated 4-cyanopyridiniums. While these methods are the most widely used since they are the
highest yielding and are scalable, there is a limitation to the chains that can be attached to the
viologen unit. However, N-arylation either through direct arylation42 or indirect arylation (Zincke
reaction43) can be used. The Zincke reaction requires the SNAr reaction of 4,4ʹ-bipyridine with 1chloro-2,4-dinitrobenzene, and subsequent treatment with the appropriate aryl amine. Less
utilized methods include acylation with a reactive anhydride44 and reductive coupling of pyridinium
aryl nitriles.45

Figure 1.11: Syntheses of polyviologens. a) Traditional uncontrolled step-growth syntheses of polyviologens typically
involve the heating of a 1:1 mixture of 4,4ʹ-bipyridine and the selected linker (e.g. 1,6-diiodohexane, ditosylated
tetraethylene glycol). b) Iterative step-growth synthesis to yield unimolecular viologens using a xylylene linker.

First synthesized in 1971 by Factor and Heinsohn,46 polydisperse main-chain
polyviologens represent a class of perfectly alternating polymers, where the linker between

14

viologen subunits can be modified depending on the desired properties. Typically, polyviologens
are synthesized via an uncontrolled step-growth polymerization (Figure 1.11a) by heating
mixtures of 4,4ʹ-bipyridine with the linker of choice, thus generating a broad distribution of
molecular weights. Nishide, Oyaizu, and coworkers47 synthesized a linear oligoviologen in this
manner by heating a 1:1 mixture of ditosylated tetraethylene glycol and 4,4ʹ-bipyridine to yield a
product with an average DPn of 5.77 and a dispersity of 1.3. Nour, El Malah, and coworkers48
synthesized a unique polyviologen tethered by a hydroxyl-substituted aryl dihydrazide using
dynamic covalent imine chemistry, yielding a material with an average DPn of 10.94 and a
dispersity of 1.10.
A few examples have been reported for the synthesis of unimolecular, oligo- and
polyviologens (Ð = 1.0, Figure 1c) through an iterative approach. Stoddart and coworkers49
reported the synthesis of the longest unimolecular polyviologen to date, a dodecamer (n = 10,
12V•24PF6), capable of folding upon itself through the addition of one electron to each of its
viologen units and subsequent pimerization (Figure 1.11b).

1.3.2 Self-assembly Properties and Applications
When reduced in a moderately polar solvent (i.e., MeCN) as compared to H2O, the
monoradical cation appears dark blue in color and shows a distinct absorbance between 400–
450 nm in the UV-Vis spectrum. If the viologens are reduced in a highly polar environment (i.e.,
H2O), the color of the solution appears deep violet, which is due to the radical-radical spin pairing
and stacking of one or more viologens in an intermolecular fashion, an outcome which will only
occur at high concentrations. This stacking occurs to the highest degree in very polar solvents13
because of the hydrophobic nature of the monoradical cation. Thus, the hydrophobic effect and
radical-radical spin-pairing stabilization effects lead to two or more molecules stacking upon one
another. In contrast, the stacking in solution of more than one viologen monoradical cation does
15

Figure 1.12: Self-assembly of reduced methyl viologen in the solid state. Crystal structures showing the infinite stacks
of reduced methyl viologen. Image modified and used with permission, Kochi et. al. J. Org. Chem. 1990, 55, 41274135.

not occur to a significant degree in MeCN (kd = 101 M); however, they will form stacks in the solid
state even with MeCN (Figure 1.12) due to dispersion forces.
The electrochromic and redox activity of viologens have been utilized in a variety of fields
including organic redox-flow batteries,50-56 photochromic devices,57-61 biological assays and
processes,62-68 catalysis,65, 69-72 and as an actuatable platform.4, 6, 73-75 In 2013, the synthesis of an
air- and water-stable radical homo[2]catenane, or two mechanically interlocked rings, was
achieved through the use of viologen radical templation.15 The method entailed synthesizing an
alkylated viologen half-macrocycle which was reduced in MeCN with Zn0 dust, and the catenane
was formed upon addition of 4,4ʹ-bipyridine. Due to oligomer formation and slow cyclization
kinetics, the reduced solution was stirred inside a glovebox for 14 days until completion of the
reaction to form the [2]catenane. Upon exposure of the four radical, four cation HC4(+) to ambient
O2 outside of the glovebox, the [2]catenane was oxidized to the stable monoradical, seven cation
HC7+. Without further oxidation with a strong oxidant to the octacationic catenane, the compound
exists as a stable organic radical in air and aqueous solutions, a first for the field.
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Figure 1.13: Synthesis of a highly-charged catenane through radical-radical spin pairing templation and two clickbased ring closing events. Image was used with permission, Nguyen et. al. Chem 2018, 4, 2329-2344.

Building upon the previous work, in 2018, Stoddart and coworkers reported on the
synthesis of a unique radial [5]catenane76 (a mechanically interlocked molecule composed of
interlocked rings/macrocycles, Figure 1.13) that contains 24 positively charged nitrogens from 12
viologen units. To achieve this feat, the authors threaded Cu0-reduced cyclobis(paraquat-pphenylene), i.e., “Blue Box,” onto a reduced diviologen chain terminated by either azide or
terminal alkyne groups. This complexation is feasible due to the radical-radical spin pairing
interactions. After complexation of reduced Blue Box onto the viologen chains, the two separate
solutions were combined. The Cu1 oxidation state generated during the reduction of the viologens
catalyzed the azide-alkyne “click” reaction can combined the two halves. After oxidation with
17

NO∙PF6 and reverse-phase HPLC, the authors were able to isolate over 10 mg and in a 36%
overall yield. Additionally, the authors reported the crystal structure of the tetracosacationic
catenane which shows a shuttling of the macrocycles away from the original docking stations after
oxidation to relieve the strain of ion repulsion.
In addition to the self-assembly processes of the radical cations, viologens in their
oxidized, dicationic, and electron-deficient state can bind within the cavity of macrocyclic host
molecules that are electron-rich. Bucher, Kermagoret, Liu, Bardelang, and coworkers reported77
the stacking of three cationic viologens derivatives within the core of cucurbituril macrocycles.
Cucurbituril[10], or CB[10], consists of 10 glycouril monomers linked with methylene bridges into

Figure 1.14: Host-guest complex formed from cucurbituril[10] and a benzimidazole end-capped viologen. Charge
repulsion between the 3 viologens in the 2:3 complex is mitigated through alternating viologen structure that places the
electron deficient viologen directly over the electron rich benzimidazole. Additionally, the charge is shared throughout
the macrocycle through ion-dipole interactions. Image used with permission, Liu et. al. Org. Lett. 2021, Just accepted.
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a macrocycle. The inner cavity size78 is approximately 11.7Å and a volume of around 479 Å3
which allows the macrocycle to accommodate large guests or more than one guest. They aimed
to create higher order host-guest complexes using viologens and CB[10] and did so by creating
an asymmetric viologen that is terminated on one end with a methyl group and a phenyl
benzimidazole on the other. The benzimidazole units are electron rich and stacked upon the
viologen subunit on an adjacent molecule. This favorable stacking interaction and orientation
allows for a 2:3 complex of CB[10]:viologen to occur as shown in Figure 1.14a. Charge repulsion
is mitigated through the alternating structure within the cavity and the charge donation to the
CB[10] through the electron rich carbonyl groups of the glycouril subunits.
Trabolsi and coworkers reported the synthesis of a porphyrin and viologen-based covalent
organic framework (COF)79 that could remove toxic bromate ions from drinking water. To do this,
the authors synthesized a tetraamine-functionalized porphryrin and the Zincke viologen
precursor, 1,1'-bis(2,4-dinitrophenyl)-[4,4'-bipyridine]-1,1'-diium. After microwaving in a mixture
of EtOH and H2O at 90 °C for 2 h (generates PV-COF) and subsequent treatment with either
Zn(OAc)2 or Co(C5H5)2 (powerful reducing agent, cobaltacene), Zn-PV-COF and Red-PV-COF
were generated, respectively (Figure 1.15). As shown in Figure 1.15 (bottom, a), PV-COF and
Zn-PV-COF responded surprisingly well to the addition of bromate ions and they were able to
scavenge over 95% within the first 20 minutes. However, the Red-PV-COF could only scavenge
around 35% of the bromate ions within the same period. The authors suggest that the reason for
this phenomenon has to do with the mechanism of bromate scavenging. They believe it mostly
relies on the exchanging of counteranions and since Red-PV-COF is fully reduced, it cannot
scavenge the ions to a significant degree except for simple absorption into the porous material.
Even in industrial samples that contained higher concentrations of competing anions (Cl–, SO42–,
HCO3–, NO3–, etc.), PV-COF was still able to remove up to 93% of bromate ions in 20 min. Upon
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treatment with NaOH and neutralization with HCl, the materials were regenerated without
sacrificing the adsorption efficiency.

Figure 1.15: Synthesis of a porphyrin-viologen covalent organic framework and its absorption of bromate ions from
laboratory and industrial water samples. Image was taken from an open-access article that does not require
permission. Skorjanc et. al. Chem. Sci. 2020, 11, 845-850.
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1.3.3 Redox-Responsive Artificial Molecular Muscles
This section of the chapter is based on work described in the following publication: Angelique F.
Greene, Mary K. Danielson, Abigail O. Delawder, Kevin P. Liles, Xuesong Li, Anusree Natraj,
Andrew Wellen, Jonathan C. Barnes. “Redox-Responsive Artificial Molecular Muscles: Reversible
Radical-Based Self-Assembly for Actuating Hydrogels.” Chem. Mater. 2017, 29, 9498-9508.
J.C.B. conceived the idea, and J.C.B. and A.F.G. designed the experiments. A.F.G., M.D., A.O.D.,
K.P.L., X.L., A.N., and A.W. synthesized and characterized all compounds and materials. A.F.G.
carried out the optical absorption spectroscopy and electron paramagnetic resonance
experiments. A.F.G., A.O.D., and K.P.L. performed the hydrogel actuation and cycling
experiments. J.C.B., K.P.L., A.O.D., and X.L. performed the rheological experiments. J.C.B. and
A.F.G. cowrote the manuscript, and all authors contributed to the refinement of the manuscript
and Supporting Information files.

Upon its inception, our research group set out to bring to fruition an idea to incorporate mainchain polyviologens into a hydrogel material to function as an actuatable platform. Nature has
perfected the strategy to perform work with the smallest of stimuli: neural signals to muscle tissue
that causes the release of Ca2+ and the activation of myosin and actin.80 This transduction
pathway leads to significant actuation, or movement even with a small percentage of the active
molecules. We hypothesized that if polyviologens were incorporated into a hydrogel network, we
could utilize its inherent self-assembly processes and loss of electrostatic repulsion in its
monoradical cation state to fold and shrink the bulk network. Our group, in 2017, reported74 on
the synthesis of a series of cheap, water-soluble, unimolecular oligoviologens and their
corresponding redox-responsive hydrogels that contract down to 35% of their original volumes
within the first 25 min and down to 9% after 3 h. We believe that the reduction of the viologen
subunits within each chain causes collapse within the chain while also reducing the number of
positive charges and therefore the number of counteranions. The collapse of the network causes
a large efflux of H2O from the system, even when soaking in an aqueous environment. Before
tackling this work, the synthesis of unimolecular polyviologens linked with flexible, water-soluble
linkers had never been reported, let alone characterized in a hydrogel network to serve as an
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actuatable platform. We therefore wanted to incorporate these oligoviologen crosslinkers into a
hydrogel to determine the effect changing the number of units within the chain would have on the

Figure 1.16: A sequential chain-growth-like, iterative synthesis was used to prepare each (n = 2, 4, 6, 8, and 10)
oligoviologen. a) by (i) alternating between the addition of excess (20 equiv) ditosylated hexaethylene glycol (HEGTos) and 4,4′-bipyridine (BIPY) in MeCN. Due to the nucleophilicity of the BIPY units, stringent reaction conditions (130
°C for 12−16 h in a closed reaction vessel) were required for the completion of the reactions. (b) The synthetic cycle
begins (green box) with a BIPY end-capped HEG (HEG-BIPY•2OTs), and the oligomer is grown iteratively, with only
precipitations in MeCN:PhMe, followed by centrifugation to isolate each product. At any point in the cycle, the BIPY
end-capped precursor can be removed and (ii) functionalized with terminal azide groups (red box) through the
excessive addition (35 equiv, MeCN, 130 °C, 20 h) of a tosylated diethylene glycol possessing one azide at its terminus
(Tos-DEG-N3). Image was used with permission, Greene et. al. Chem. Mater. 2017, 29, 9498-9508.

actuation degree and speed of the material.
To investigate the role that the oligoviologen chain length plays in this actuation process,
we had to develop a way to produce these on a gram scale and while limiting the impurities
present in the samples. This was achieved by using an iterative synthesis (Figure 1.16) that is
analogous to a sequential chain-growth polymerization where an excess of each reagent is added
to the growing end, which should prevent unwanted secondary reactions or polymerizations. The
synthetic sequence starts with a 4,4ʹ-bipyridine (BIPY) end-capped hexaethylene glycol (HEG)
precursor, HEG-BIPY•2OTs, a viologen-containing dimer was synthesized in the presence of 20
equiv of tosyl end-capped HEG (HEG-Tos) in MeCN. Due to the limited nucleophilicity of the BIPY
units, stringent reaction conditions (130 °C for 12−16 h in a closed reaction vessel) were required
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for the completion of the reactions. After 12−16 h, the HEG-BIPY•2OTs is converted to 2VOTs•4OTs (Figure 1.16, top boxed structure), and the product was isolated through precipitation
in a 1:1 mixture of PhMe and MeCN and centrifugation. The BIPY end-capped compound
4V•6OTs was synthesized by treating 2V-OTs•4OTs with an excess (20 equiv) of 4,4′-bipyridine
in MeCN (same stringent reaction conditions), followed by precipitation and centrifugation. After
each round of the synthetic cycle, a portion of the BIPY end-capped compound was functionalized
with an azide by treating it with an excess, 35 equiv, of Tos-DEG-N3 at 130 °C for 20−24 h. This
iterative synthetic protocol was repeated several times and for different lengths before endcapping with an azide, resulting in the synthesis of several grams of the shorter oligomers (i.e., n
= 2−4) and hundreds of milligrams of the higher molecular weight ones (n = 6−10).
Each synthetic step was rigorously characterized by 1H and 13C NMR as shown in Figure
1.17. 1H NMR characterization of tosyl end-capped compounds show two aromatic proton
resonances between 8.00 and 9.50 ppm that correspond to the equivalent protons in the viologen
core: alpha (αʹ) and beta (βʹ) (Figure 1.17, second structure). Characterization of pyridine-end
capped compounds shows six distinct proton resonances between 7.75 and 9.50 ppm that
correspond to the non-equivalent protons along the pseudoviologen core: a, b, c, and d, and
equivalent protons within the inner viologen core: α and β.

End-group analysis was also

performed on the pyridine end-capped compounds to ensure full functionality and purity. The
integration of protons a, b, c, and d was compared to the α and β aromatic protons (e.g., for
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Figure 1.17: Stacked 1H NMR (CD3CN, 298 K, 500 MHz) spectra of tosyl- and BIPY-capped oligoviologens (2VOTs•4OTs, 4V•6OTs 4V-OTs•8OTs, 6V•10OTs, 6V-OTs•12OTs, 8V•14OTs, 8V-OTs•16OTs, 10V•18OTs, 10VN3•20Ts). Image used with permission, Greene et. al. Chem. Mater. 2017, 29, 9498-9508.

4V•6OTs, the ratio was 8:4, 6V•10OTs, the ratio was 20:4, 8V•16OTs, the ratio was 24:4, etc.) to
confirm proper ratios.
To confirm the self-assembly in solution, UV-Vis NIR was taken of each tosyl-end capped
oligoviologen in MeCN or H2O at 0.2 mM after reduction to the monoradical cation with either Zn0
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Figure 1.18: UV-Vis-NIR and electron paramagnetic resonance spectroscopic characterization of the oligoviologen
chains. (a) UV-Vis-NIR absorption spectroscopy of the reduced tosyl-end capped oligoviologens at 0.2 mM in H2O
(left) and MeCN (right). Viologens were reduced to the monoradical cation species using either Na 2S2O4 in H2O or Zn0
dust in MeCN (b) EPR spectroscopy of reduced 4V-OTs•8OTs in DMF.

dust or Na2S2O4, respectively (Figure 1.18, a). In MeCN, two intense bands were observed with
absorptions at approximately 520 and 870 nm, with only mild redshifting observed as the chain
lengthened. In contrast, the study carried out in H2O not only showed two intense absorption
bands centered around 520 and 850 nm, but also, as the degree of polymerization increased from
2 units to 10, a strong redshift was apparent (Figure 1.18, a, left), where the absorption peak
centered about 850 nm for 2V-OTs•4OTs red-shifted up to 899 nm in the case of 10V-OTs•20OTs
and produced a broad shoulder that potentially indicates higher order self-assembly (dimers,
trimers, tetramers).
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To confirm these results, an electron paramagnetic resonance (EPR) experiment was
performed (Figure 1.18, b) at room temperature on a 0.2 mM solution of 4V-OTs•8OTs dissolved
in dry, degassed DMF. The radical-radical spin pairing between reduced viologens heavily
dependent on solvent and the interaction is much weaker in DMF, so we were able to see a signal
possessing hyperfine splitting. However, upon addition of H2O to the DMF solution containing 4VOTs•4OTs,4● the EPR signal was lost, a trend which we attributed to a reduction of “available”
radicals since the radical-radical spin pairing interaction between subunits is so strong, existing
in a diamagnetic state.
Hydrogels (Figure 1.19) composed of only 5 mol% of the active oligoviologen and 95
mol% end-capped polyethylene glycol (PEG-N3, Mn = 2000) were produced through an azidealkyne click reaction with 0.5 equiv of a tetra-alkyne crosslinker. Briefly, in a separate solution,

Figure 1.19: The contraction and expansion of a 6V-N3•12OTs-based hydrogel cube (top), disk (middle), and other
complex shapes (bottom) using a chemical reductant, Na2S2O4 to contract and ambient O2 and fresh H2O to reoxidize
and expand. Note: color change between gels soaked in EDTA (left, yellow gels) and post-reoxidation is believed to be
due to the expulsion of remaining copper from the gels.
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0.5 equiv of copper sulfate (CuSO4) and 0.5 equiv of sodium ascorbate were dissolved in H2O
and added to the DMF mixture containing the oligoviologen-N3 and PEG-N3 in a 3:1 DMF/H2O
ratio. This mixture of starting materials was vortexed for approximately 10 s before being
deposited as a semi viscous liquid into a cubic silicone mold, wherein the final cross-linking goes
to completion, and the hydrogel was thus formed. The copper was mostly removed by soaking
the hydrogel for 12−16 h in an aqueous EDTA solution that followed by washing in pure H2O for
4−6 h to remove any excess EDTA or Cu complex. Additionally, this protocol was also adapted
to other molds, such as LC/MS vial caps, rubber septa, leaf, bear, and letter shapes, thus allowing
for the preparation of disc-like hydrogels that were used for assessing the mechanical properties
of the hydrogels and for determining the viability of contracting unique and complex shapes
without sacrificing structural integrity.
The contraction of each viologen-containing hydrogel (prepared in triplicate) was initiated
by submerging each in a 1 M solution of Na2S2O4, a known electron reductant for viologens81 in
H2O, in a N2-filled glovebox. Almost immediately, a noticeable color change occurred from yellow
to dark purple, indicating a reduction to the monoradical cation and subsequent stacking. Although
most of the contraction occurs during the first 25−45 min (Figure 1.20), the hydrogels were left in
the reducing solution for several hours so the final contracted volume ratio could be measured as
the percent ratio (final/initial) between the starting volume and mass of the swollen hydrogel and
the corresponding volume and mass of the fully reduced and contracted hydrogel. The extent of
contraction increases as more and more viologen subunits are added into the crosslinked
network. This dramatic change in size and mass is attributed to the efficiency of collapse of the
constituent oligoviologen chains because of radical pairing between subunits and a decrease in
the number of counterions being lost as more dicationic viologens (V2+) are reduced to their
corresponding radical-cation (V•+). During the first 25 min, an increase in the rate of contraction
(vol %∙min−1 ) is observed as higher DP oligoviologens are introduced into the network.
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Figure 1.20: Volume and mass % reduction as a function of the length of the chain. (a) Resulting (%) mass/vol for
contraction for all sequences. (b) Actuation histogram comparing total loss in starting volume during reduction with 1M
Na2S2O4 of 1V-N3•2Tos hydrogels that contain equal molar equivalents of viologen vs. corresponding oligoviologen
hydrogel. (c) Kinetics of actuation of the oligoviologen-based hydrogels.

The reversibility of the hydrogel actuation has been demonstrated successfully, with little
to no loss in size and mass recovery over the first four cycles. Surprisingly, most of the contraction
of each of the swollen hydrogels occurs during the first 25−45 min and but remained in the
reducing solution for longer to measure the fully contracted state. The images shown in Figure
1.19 illustrate the substantial change in color of the hydrogels upon reduction during the first cycle.
The color change between gels soaked in EDTA (left, yellow gels) and post-reoxidation is believed
to be due to the expulsion of remaining copper from the gels. Furthermore, it is important to note
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that the hydrogels cannot re-expand when only O2 or H2O is present; if a reduced/ contracted
hydrogel is exposed to O2 only on the benchtop without H2O, the color of the hydrogel will still
change from dark purple to yellow since the viologens will reoxidize, but the hydrogel will not
expand without a swelling medium to occupy the previously voided space. Also, a fully contracted
hydrogel will remain dark purple in color and cannot swell back to its original size if no oxidizing
agent is added or the gels are removed from the inert environment.
To determine the contribution of the counteranion loss and the oligoviologen folding on
the kinetics or extent of actuation, we fabricated several gels containing a single viologen unit but
loaded the same total molar equivalents of viologen as that of the original hydrogels (2VN3•4OTs, 4V- N3•8OTs, 8V- N3•16OTs, 10V-N3•2OTs), as well as monoviologen gel containing
5/95 mol% viologen/PEG-N3. This control was performed to match the concentration of overall
charge and counteranions within the gel. Because viologen-viologen stacking is significantly
decreased in monoviologen-based hydrogels, the primary mechanism of contraction is through
loss of positive charges and counteranion loss. Unsurprisingly, the hydrogels did contract to an
extent (~30% of original volume), however, the extent of actuation was consistent across all gels.
This suggests that counteranion loss does play a significant role in the mechanism of actuation,
but it is not the only reason for gel contraction, especially for the longer oligoviologens.
Additionally, the rate of contraction for the monoviologen gels is significantly lower than its
corresponding oligoviologen-based gel.

1.3.4 Photoredox-based Actuation of an Artificial Molecular Muscle
Our first pass at the synthesis and characterization of unimolecular, polyviologens
tethered with water-soluble, flexible hexaethylene glycol linkers strongly suggested that these
materials are prime candidates for the development of artificial molecular muscles. The only
drawbacks from this work are that the iterative synthetic cycle is tedious and prone to significant
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Figure 1.21: Previous and current strategy for the chemical and photochemical reduction of viologen-based materials.
This new work utilized a photoelectron transfer from a photocatalyst to the viologen subunits. Image was used with
permission, Liles and Greene et.al. Macromol. Rapid Commun. 2018, 1700781.

user/random error and the use of this platform, at the time, required the soaking of the material in
a reducing solution. However, in 2018, our group reported6 the photochemical actuation of the
same viologen-based hydrogels, mitigating the need to soak in a chemical reducing solution.
This new strategy (Figure 1.21) involved the soaking of hydrogels composed of varying
mol% of viologen crosslinkers in a solution of a photocatalyst, tris(bipyridine)ruthenium(II) chloride
[Ru(bpy)3]Cl2 and a sacrificial reductant, triethanolamine (TEOA). UV-Vis-NIR studies after
irradiation of solutions of viologens and the photocatalyst/sacrificial reductant cocktail indicated
the feasibility of the ruthenium complex to act as a reducing agent. An absorption centered
between 800 and 900 nm, a peak indicative of the monoradical cation stacks, was prominent in
the obtained spectra. With that evidence in hand, the fabricated and swollen hydrogels were
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Figure 1.22: Photoinduced actuation of a series of viologen-based hydrogels. Contracted volume ratios (%) versus
time (min) is plotted for experiments where three redox-responsive hydrogels at either 0, 1, 5, 10, or 20 mol%
polyviologen concentration were irradiated with blue light for 5 h, with intermittent volume measurements taken as
indicated by each data point. Image used with permission, Liles and Greene et.al. Macromol. Rapid Commun. 2018,
1700781.

Figure 1.23:. Oscillatory shear rheology characterization of polyviologen-containing hydrogels. The storage moduli (G′)
is plotted against frequency (rad s−1, with constant 1% strain amplitude) for each set of reduced/contracted hydrogels
with polyviologen molar concentrations ranging from 1, 5, 10, and 20 mol% of the network chains. Image used with
permission, Liles and Greene et.al. Macromol. Rapid Commun. 2018, 1700781.
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irradiated with 450 nm blue light and over the course of 300 min, the volume measurements were
taken. A control gel was also synthesized that did not contain any active oligoviologen and was
composed solely of PEG-N3 clicked with the previous tetra-alkyne crosslinker. As shown in
Figure 1.22, the control gel shrank 10%, thus retaining 90% of its original volume, which can be
attributed to dehydration of the gels in the container. However, the gels containing the redox-,
light-active component (1, 5, 10, 20 mol%) shrank to a larger extent even after accounting for the
reduction in volume attributed to dehydration. As the amount of viologen inside the hydrogel
network increased, there seemed to be an increase in the volume loss, but when accounting for
error in measurements, the 5, 10, and 20 mol% gel volume losses were not statistically significant.

Figure 1.24: An artificial molecular muscle performing work. Irradiation of a 5 mol% hydrogel was attached to tape and
a sponge weight was attached to the end. Upon irradiation using 450 nm blue light, the gel shrank, curled the tape,
and lifted the weight. Image used with permission, Liles and Greene et.al. Macromol. Rapid Commun. 2018, 1700781.
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Since the addition of more viologen-based polymer did not significantly change the kinetics or
extent of actuation, they decided to continue further experiments with 5 mol% since it provided
the most manageable and workable hydrogel (higher loading resulted in more brittle materials,
Figure 1.23). As shown in Figure 1.24, the new platform was utilized to actuate an artificial
molecular muscle that could produce work. A rectangular piece of a 5 mol% 8V-N3•16OTs-based
hydrogel was adhered to a piece of black electrical tape and suspended on the inside of a glass
jar.

Additionally, a sponge weighing 20.0 mg was adhered to the bottom of the hydrogel.

Irradiation from the right side of the jar initiated the photoreduction of the viologen subunits and
the gels began to change from yellow orange to dark purple within 30 min of irradiation. As the
time of irradiation progressed, the hydrogel actuation caused a bending of the tape scaffold and
a subsequent lifting of the sponge weight. It is important to note that the hydrogel that was
responsible for lifting the 20.0 mg weight was composed of around 19.0 mg of crosslinked
polymeric material and only 5 mol% (approx. 2.4 mg) of that mass contributes to the actuation
mechanism.
Even with these fantastic results published from our group, there are still intellectual gaps
such as extent of actuation, speed of actuation, streamlined synthesis, and actuation without the
need of a metal-based photocatalyst, that need to be traversed before developing a true artificial
muscle. In the following chapters, the intellectual leaps taken to overcome the current gaps will
be discussed. A new streamlined synthesis of unimolecular, polyviologens (homo- and
heteropolymers) was developed along with a new metal-free photocatalyst for the photoreduction
and actuation of hydrogel materials.
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Chapter 2:
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2.1 Abstract
There is a growing interest in being able to control the mechanical properties of hydrogels for
applications in materials, medicine, and biology. Primarily, changes in the hydrogel’s physical
properties, i.e., stiffness, toughness, etc., are achieved by modulating the network cross-linking
chemistry. Common cross-linking strategies rely on (i) irreversible network bond degradation and
reformation in response to an external stimulus, (ii) using dynamic covalent chemistry, or (iii)
isomerization of integrated functional groups (e.g., azobenzene or spiropyran). Many of these
strategies are executed using ultraviolet or visible light since the incident photons serve as an
external stimulus that affords spatial and temporal control over the mechanical adaptation
process. In this chapter, I describe our group’s work into a different type of hydrogel cross-linking
strategy that uses a redox responsive cross-linker, incorporated in poly(hydroxyethyl acrylate)based hydrogels at three different weight percent loadings, which consists of two viologen
subunits tethered by hexaethylene glycol and capped with styrene groups at each terminus.
These dicationic viologen subunits (V2+) can be reduced to their monoradical cations (V•+) through
a photoinduced electron transfer (PET) process using a visible light-absorbing photocatalyst
(tris(bipyridine)ruthenium(II) dichloride) embedded in the hydrogel, resulting in the intramolecular
stacking of viologen radical cations, through radical−radical pairing interactions, while losing two
positive charges and the corresponding counteranions from the hydrogel. It is shown how this
concerted process ultimately leads to collapse of the hydrogel network and significantly (p < 0.05)
increases (by nearly a factor of 2) the soft material’s stiffness, tensile strength, and percent
elongation at break, all of which is easily reversed via oxidation of the viologen subunits and
swelling in water. Application of this reversible PET process was demonstrated by photopatterning
the same hydrogel multiple times, where the pattern was “erased” each time by turning off the
blue light (∼450 nm) source and allowing for oxidation and reswelling in between patterning steps.
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The areas of the hydrogel that were masked exhibited lower (by 1−2 kPa) shear storage moduli
(G′) than the areas that were irradiated for 1.5 h. Moreover, because the viologen subunits in the
functional cross-linker are electrochromic, it is possible to visualize the regions of the hydrogel
that undergo changes in mechanical properties. This visualization process was illustrated by
photopatterning a larger hydrogel (∼9.5 cm on its longest side) with a photomask in the design of
the United States Flag.

2.2 Introduction
The mechanical and physical properties of hydrogel networks depends almost exclusively on the
crosslinking density, or the moles of physical or chemical connections between polymer chains
per unit of volume (m3).1, 2 As described in Chapter 1, there are several methods that have been
used to stimulate materials to change a property, whether that is to induce release of a drug
moiety or to trigger its complete degradation. To this point, controlling the mechanical properties
of a polymer material typically involves the cleavage of supramolecular crosslinks or covalent
bonds within a hydrogel network. It would be advantageous to be able to control the mechanical
properties externally without destroying the material. As we discovered with viologen-based
crosslinkers,3 we can modulate the stiffness of a material by utilizing a photochemical reducing
agent, [Ru(bpy)3]Cl2 and a sacrificial reductant, but the rate of contraction and the change in the
mechanical properties was slow most likely due to the 100% theoretical crosslinking stoichiometry
using copper-mediated click chemistry and the mostly PEG based materials were not tough
enough to withstand heavy loads. This meant that the crosslinking chemistry had to change.
In this chapter, I describe our efforts to develop a novel redox-responsive crosslinker, a
viologen dimer tethered by a flexible and water-soluble hexaethylene glycol (HEG) spacer and
end-capped with polymerizable styrene units. In this investigation, a free radical-based
polymerization technique to fabricate hydrogels was employed (Figure 2.1a), whereby a water42

Figure 2.1: Fabrication of a hydrogel actuator using the modified gelation protocol. (a) A novel 2V-StyreneHEG•2OTs•2Cl crosslinker was used in a free radical polymerization to synthesize poly(HEA) hydrogels possessing
lower cross-linking densities than previous studies (b) Upon soaking in a photocatalyst cocktail containing (Ru(bpy)3Cl2)
and triethanolamine (TEOA) and irradiating with blue light (∼450 nm), resulted in the formation of intramolecular
viologen radical-radical dimers. The photoreduction of the crosslinker from the dicationic to the monoradical cation
species in situ resulted in the contraction of the hydrogel while changing its color and increasing its stiffness.

soluble photo initiator (lithium phenyl-2,4,6-trimethylbenzoylphosphinate, LAP)4 was used to
polymerize 2-hydroxyethyl acrylate (HEA) in the presence of different weight percent loadings of
the viologen-based crosslinker (0.875, 1.75, and 3.50%). This modification yields a more versatile
protocol in which any reactive, vinyl-containing monomer can be polymerized in situ with the
polyviologen crosslinker. The ability of this second-generation hydrogel to perform as a more
mechanically robust reversible photomechanical actuator in the presence of a visible lightabsorbing photoredox catalyst [Ru(bpy)3]Cl2 and a sacrificial reductant (triethanolamine, TEOA)
was assessed in terms of its contraction kinetics, stiffness (using shear oscillatory rheology and
tensile experiments), and tensile strength.
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2.3 Materials and Methods
2.3.1 Experimental Methods
All reagents for both synthesis and gelation were purchased from commercial suppliers and used
without further purification unless stated otherwise. Nuclear magnetic resonance (NMR) spectra
were recorded on a Varian Inova-500 at 25 °C with working frequencies of 500 MHz (1H) and 125
MHz (13C). Chemical shifts are reported in ppm relative to the signals corresponding to (CD3)2SO:
δH = 2.50 ppm and δC = 39.52 ppm, and CDCl3: δH = 7.26 ppm and δC = 77.16 ppm. All
photochemical reductions of viologen-containing hydrogels were performed under an inert
atmosphere of UHP nitrogen in a glovebox to prevent unwanted oxidation. UV irradiation for
photoinitiation/gelation in the glovebox was done using an Analytikjena UVP UVGL-15 lamp at
365 nm (4 Watt / 0.16 Amp). Benchtop UV irradiation was done using a Great Value© GVS14BK
blacklight (14 Watt / 0.23 Amp). Photoreduction and photopatterning experiments were performed
using a Hampton Bay desk lamp with an ABI LED Aquarium light bulb (450 nm / 12 Watt / 740
Lumens). Frequency sweep (1.0% strain, 0.1 to 30 rad s -1 ) and strain sweep (1 rad s-1 , 0.1 to
50% strain) rheological measurements were performed on a TA AR-G2 oscillatory shear
rheometer with a 20 mm diameter smooth geometry. For tensile testing, an MTS Systems Corp.
Mechanical Testing System (MTS) Criterion 42 with a 100 N load cell was used for “dog bone”
shaped samples (2.75 mm wide at their narrowest point, with a 7.5 mm gage length) that were
punched out of each hydrogel. Fourier-transform infrared spectroscopy (FTIR) was performed on
a Bruker ALPHA II Platinum ATR. Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) absorbance
spectra were recorded on an Agilent Cary 5000 spectrophotometer with a PbSmart NIR detector.
High-Res Mass Spectrometry (HRMS) was recorded on a Waters Synapt G2 HDMS.
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2.3.2 Synthetic Methods

Preparation of DiTos HEG

Scheme 2.1: Synthesis of DiTos HEG

Hexaethylene glycol ditosylate (DiTos HEG) was synthesized according to the previously
reported literature procedure1. Hexaethylene glycol (10.0 g, 35 mmol, 1 equiv) was dissolved in
tetrahydrofuran (THF) (50 mL) and cooled to 0°C. NaOH (8.50 g, 210 mmol, 6 equiv) in H 2O (10
mL) was added slowly and the reaction mixture was stirred for 30 min at 0 °C. To this mixture, a
solution of 4-toluenesulfonyl chloride (27.0 g, 140 mmol, 4 equiv) in THF (50 mL) was added
slowly over 30 min using a dropping funnel and the reaction mixture was stirred for 1 h at 0 °C,
followed by an additional 5 h at room temperature. The solvent was removed, and the residue
was suspended in 100 mL H2O and extracted using CH2Cl2 (4 x 100 mL). The combined organic
phases were dried over Na2SO4, concentrated, and purified by column chromatography using
CH2Cl2 with MeOH (3%) as the eluent to yield the desired product, DiTos HEG, as a colorless
viscous liquid (15.6 g, 75% yield). 1H NMR (500 MHz, CDCl3): δH 7.79 (d, J = 8.3 Hz, 4H); 7.34
(d, J = 7.2 Hz, 4H); 4.24 – 4.07 (m, 4H); 3.76 – 3.63 (m, 4H); 3.63 – 3.59 (m, 8H); 3.59 – 3.56 (m,
8H); 2.44 (s, J = 2.2 Hz, 6H).13C NMR (125 MHz, CDCl3): δC 144.93, 133.19, 129.97, 128.13,
70.90, 70.77, 70.71, 70.67, 69.39, 68.84, 21.79.
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Preparation of 2V-HEG•2OTs

Scheme 2.2: Synthesis of 2V-HEG•2OTs

2V-HEG•2OTs was synthesized according to the literature procedure reported by our group2.
DiTos HEG (1.5 g, 2.5 mmol, 1 equiv) and 4,4ʹ-bipyridine (7.93 g, 50 mmol, 20 equiv) were
dissolved in MeCN (dry, 15 mL) and the solution was added to a 100 mL thick-walled highpressure flask with a Teflon screw cap and stir bar. The flask was capped tightly, and the mixture
was heated to 130 °C for 16 h (high pressure). After 16 h, the solution was transferred to four-50
mL centrifuge tubes and diluted to 50 mL with toluene to precipitate the product. The tubes were
centrifuged at 4500 rpm at –10 °C for 30 min. The resulting supernatant was decanted, the dark
brown oil was redissolved in 5 mL MeCN and 45 mL PhMe was added, followed by centrifugation.
This process was repeated three times to yield the desired product, 2V-HEG•2OTs, as a viscous,
brown solid (1.8 g, 80% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.15 (d, J = 7.0 Hz, 4H); 8.86
(dd, J = 4.5, 1.7 Hz, 4H); 8.62 (d, J = 7.0 Hz, 4H); 8.03 (dd, J = 4.5, 1.7 Hz, 4H); 7.50 – 7.46 (m,
4H); 7.09 (d, J = 7.8 Hz, 4H); 4.82 (t, J = 4.9 Hz, 4H); 3.93 (t, J = 4.9 Hz, 4H); 3.56 – 3.50 (m, 4H);
3.45 – 3.35 (m, 12H); 2.27 (s, 6H).

C NMR (125 MHz, (CD3)2SO): δC 152.38, 150.82, 145.78,

13

145.76, 140.93, 137.52, 128.00, 125.46, 124.98, 121.93, 69.63, 69.59, 69.58, 69.42, 68.55, 59.89,
20.74.
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Preparation of 2V-Styrene-HEG•2OTs•2Cl

Scheme 2.3: Synthesis of 2V-Styrene-HEG•2OTs•2Cl

2V-HEG•2OTs (1.6 g, 1.8 mmol, 1 equiv) and 4-vinylbenzyl chloride (11.0 g, 72 mmol, 40 equiv)
were dissolved in MeCN (dry, 40 mL, 40 mg/mL 2V-HEG•2OTs) and heated to 55 °C for 72 h.
After 72 h, MeOH (10 mL) was added to the solution to dissolve the precipitate and the solution
was transferred to four 50 mL centrifuge tubes and diluted with 40 mL toluene (PhMe) to
precipitate the product. The tubes were centrifuged at 4500 rpm at –10 °C for 30 min. The resulting
supernatant was decanted and the viscous, brown oil was washed by adding 50 mL MeCN to
each tube, followed by sonication and centrifugation. The supernatant was decanted and this
process was repeated three times. The oil was then dissolved in 5 mL MeOH and precipitated a
final time by adding 50 mL 1:1 PhMe:Et2O to yield the desired product, 2V-StyreneHEG•2OTs•2Cl, as a dark brown, viscous solid (0.8 g, 39% yield). 1H NMR (500 MHz, (CD3)2SO):
δH 9.65 (d, J = 6.4 Hz, 4H); 9.40 (t, J = 8.5 Hz, 4H); 8.93 – 8.76 (m, 8H); 7.66 (d, J = 8.1 Hz, 4H);
7.55 (d, J = 8.1 Hz, 4H); 7.47 (d, J = 7.9 Hz, 4H); 7.08 (d, J = 7.8 Hz, 4H); 6.74 (dd, J = 17.6, 11.0
Hz, 2H); 6.02 (s, 4H); 5.91 (t, J = 16.4 Hz, 2H); 5.32 (d, J = 11.0 Hz, 2H); 4.97 – 4.88 (m, 4H);
4.02 – 3.90 (m, 4H); 3.61 – 3.52 (m, 4H); 3.49 – 3.31 (m, 5H); 2.26 (s, 1H).

13

C NMR (125 MHz,

(CD3)2SO): δC 148.96, 148.76, 146.19, 145.72, 145.63, 138.22, 137.60, 135.77, 133.62, 129.41,
128.03, 127.12, 126.82, 126.33, 125.44, 115.76, 69.64, 69.57, 69.45, 68.61, 62.87, 60.25, 20.73.
Counteranion exchange occurred during the reaction thus decreasing the values of the tosylate
anions. HRMS (ESI): m/z calcd for C57H65ClN4O8S [M – Cl – OTs]2+ 500.2100, found 500.2078.
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2.3.3 Fabrication of Hydrogels and Organogels

Table 2.1: Reagent amounts for the fabrication of 2V-Styrene-HEG•2OTs•2Cl-crosslinked hydrogels (left)

The reagents for polymerization were degassed and brought into the N2-glovebox. For each gel,
all reagents were dissolved in 1.107 ml degassed Milli-Q H2O (Table 1) and vortexed for 10–15
seconds to ensure even mixing. The entire solution was then plated into a 2.54 cm  2.54 cm
clear, square mold and irradiated with 365 nm light for 15 min. The cured hydrogels were then
carefully removed from the gel mold using a spatula and placed in a petri dish. The gel(s) were
then soaked in degassed Milli-Q H2O for a minimum of 48 h to allow for full swelling inside an
inert atmosphere glovebag. FTIR was performed on a separate, as synthesized gel that was
lyophilized for 18 h to confirm complete conversion of the crosslinker.

2.3.4 Calculations
𝜌

𝑀

The swelling ratio,5 Q, was calculated as follows: Q = 1 + 𝜌𝐻𝐸𝐴 (𝑀 𝑠 − 1), where ρHEA is the density
𝐻2𝑂

𝑑

of poly(2-hydroxyethyl acrylate) at 298 K (1.30 g/mL, average calculated data6), ρH2O is the density
of H2O at 298 K (0.997 g/mL) , Ms is the mass of the swollen gel, and Md is the mass of the dried
gel. The crosslinking density2 was calculated as follows: Crosslinking Density =

𝐺( 3√𝑄 )
𝑅𝑇

, where G

is the equilibrium shear modulus (√(𝐺ʹ)2 + (𝐺ʺ)2 from oscillatory shear rheology at 10 rad s-1 and
𝑚3 𝑃𝑎

1 % strain), R is the gas constant (8.314459848 𝑚𝑜𝑙 𝐾), and T = 298K in units of
molecular weight between crosslinks6 was calculated as follows: Mc =
48

𝜌𝑔𝑒𝑙 𝑅𝑇
𝐺

𝑚𝑜𝑙
.
𝑚3

The average

where ρgel is the

density of the gel (((mass of the dry gel / (mass of swollen gel — mass of dry gel)) * density of the
solvent) in

𝑔
),
𝑐𝑚3

R is the gas constant (8.314459848 x 106

𝑐𝑚3 𝑃𝑎
),
𝑚𝑜𝑙 𝐾

and T = 298 K in units of

𝑔
.
𝑚𝑜𝑙

2.4 Results and Discussion
We demonstrated the use of a bis(viologen)-based cross-linker, 2V-Styrene-HEG•2OTs•2Cl to
synthesize poly(HEA)-based hydrogels and tuned their mechanical properties by generating two
viologen monoradical cations per crosslinker by a catalytic photoelectron transfer (PET) from an
exogenous photocatalyst and inducing the viologen radical-radical dimerization. In addition to the
intramolecular dimerization that effectively decreases the average mesh size of the hydrogel
network, the photoinduced contraction of the hydrogel also forces H2O out of the mesh and
therefore generates materials that are much stiffer, have higher tensile strengths, and more
elasticity and can be converted back to the oxidized state by swelling in O2-saturated H2O. To
demonstrate the spatiotemporal control over the photomechanical process, photomasks were
used to block certain portions of the dimer-based hydrogels which allowed us to determine
whether it was possible to change the mechanical properties in only the irradiated portions of the
hydrogel while leaving the rest of the hydrogel unaffected. In this study, the same set of hydrogels
was patterned multiple times, while using oxidation and reswelling in H2O to “erase” the pattern.
The synthesis of 2V-Styrene-HEG•2OTs•2Cl was carried out on a gram scale using
precursors previously reported by us.7 A series of hydrogels were synthesized in triplicate using
0.25 wt % of the photoinitiator LAP and 0.875, 1.75, or 3.50 wt % 2V-Styrene-HEG•2OTs•2Cl in
the presence of a HEA monomer. The pregel solution was plated into a 2.54 × 2.54 cm2 mold and
irradiated at long-wavelength UV (365 nm) for 15 min. Complete conversion of the cross-linker
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Figure 2.2: Characterization of the hydrogel actuator. a) Kinetics of contraction after irraditating 0.875, 1.75, 3.50 wt
%, and a control hydrogel. b) As-synthesized (swollen), photoreduced (contracted), and oxidized (expanded)
hydrogels. c) Storage moduli (Gʹ) for each wt% after irradiation and photoreduction. d) Storage moduli (Gʹ) for each
wt% after reexpansion in O2-saturated H2O.

and monomer vinyl groups was determined using Fourier transform infrared (FTIR) spectroscopy.
The resulting three-dimensional polymer network was swelled in H2O for at least 48 h to ensure
complete removal of any remaining solvent and reagents.
With each hydrogel synthesized in triplicate, the ability of each to perform as a
photomechanical actuator was assessed by soaking them in an aqueous solution containing 0.15
mM [Ru(bpy)3]Cl2 and 3.0 mM TEOA in H2O. Each hydrogel was irradiated with 450 nm 12W blue
light (from top and bottom) in a clear, sealed Petri dish inside a N2-filled glovebox. The volume
was measured as the hydrogels contracted over the course of 5 h (Figure 2.2a). As a control
experiment, a set of hydrogels containing 3.5 wt % of cross-linker were soaked only in Milli-Q H2O
(no photocatalyst) and irradiated with blue light for 5 h. After 2 h, the volumes measured for the
50

0.875 and 1.75 wt % hydrogels (∼70−75% of the starting size calculated by dividing the
experimental at t = 2 h by the original starting size before irradiation*100) are statistically
significant (p value = 0.001) compared to that of the hydrogel containing 3.50 wt % cross-linker
(∼45%). Beyond 2 h, there appears to be a limit in the amount of contraction that was observed
for each of the hydrogels, where the 0.875, 1.75, and 3.50 wt % hydrogels settle at approx. the
same final volumes. The control hydrogel on the other hand only exhibited 5% loss in size within
the first 2 h, and even after 5 h, it only reduced in size by a total of 15% (i.e., the final volume was
85% of the starting size). In comparison to our previously reported click-based PEG hydrogels,
the contraction kinetics of the poly(HEA) hydrogels are more than twice as fast, even though the
crosslinker that was used to make these second-generation hydrogels consisted of only two
viologen subunits versus the 10 viologen subunits used in our previous work on polyviologenbased actuation of hydrogels.
The change in stiffness of the hydrogels was then measured before and after a 5 h
photoreduction, using shear oscillatory rheology (Figure 2.2 c,d). The hydrogels containing 1.75
and 3.50 wt % cross-linkers possess similar storage moduli after photoreduction and contraction
(Figure 2.2c), whereas the 0.875 and 3.50 (control) wt % hydrogels produced storage moduli at
4.8 and 5.2 kPa. After soaking in O2-saturated H2O on the benchtop, the hydrogels became softer,
and their respective storage moduli decreased around 1.2−3.5 kPa. Unsurprisingly, the control
hydrogel exhibited the smallest change in which is due to some dehydration during the
photoreduction step but no apparent actuation.
Hydrogels containing 3.5 wt % cross-linker that were soaked in the photocatalyst cocktail
were placed on a glass petri dish with a photomask on the other side made from strips of black
electrical tape in the design of a plus sign. Photoirradiation and photopatterning was carried out
from underneath instead of from the top and bottom (Figure 2.3a, Cycle 1). The regions of the
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hydrogel that were irradiated immediately showed changes in color, and after the full irradiation
period, the exposed regions were dark purple in color and the masked areas retained starting
color (orange from Ru(bpy)3Cl2). After turning off the light source and allowing the hydrogel to

Figure 2.3: Continuous reversible photopatterning of a hydrogel containing 3.50 wt % cross-linker. (a) Different patterns
were photopatterned onto a hydrogel followed by “erasing” the pattern by way of oxidation and reswelling of the
hydrogel in H2O. (b) Storage modulus (G′) for irradiated and masked photopatterned hydrogels was assessed using
oscillatory shear rheology. This was performed on hydrogels that were photopatterned once, twice, or thrice, and in
each case, an increase in stiffness (1−2 kPa) was observed between the irradiated and masked areas of the hydrogel.

oxidize on the benchtop for approx. 60 min, the pattern was “erased”. A second cycle was
performed by reswelling in the photocatalyst cocktail and irradiated again using a vertical stripe
photomask pattern (Figure 2.3a, Cycle 2). This pattern could also be erased and the hydrogel
reswollen in the photoredox solution. The same hydrogel was photopatterned again, in the design
of a half-moon, followed by oxidation and reswelling. This process could be repeated well beyond
just three cycles without noticing any major degradation in the material.
To confirm that precisely photopatterned changes in the hydrogel’s stiffness were
possible, the storage modulus was measured for three hydrogels that were photopatterned over
one, two, or three cycles (thus, nine hydrogels in total). The storage modulus for the irradiated
portions of the hydrogel from the first photopatterning cycle (Figure 2.3b, 1St cycle) was nearly
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1.2 kPa higher than the values obtained for the masked areas of the same hydrogel. Likewise,
the photopatterned hydrogel from the second cycle displayed an even larger difference (2.3 kPa)
between the irradiated and masked areas of the hydrogel (Figure 2.3b, 2nd cycle). This trend
continued in the third photopatterning cycle (Figure 2.3b, 3rd cycle), where the difference in
storage moduli for the irradiated and masked areas of the hydrogel was still approx. 2 kPa. In
each case, the photopatterned hydrogel could be erased and a new pattern “written” onto the
same hydrogel.

Figure 2.4: Photopatterning of a large hydrogel with a flag design a) Photomask and set up used to pattern the flag on
the benchtop. b) Before and after irradiation of the gel with 450 nm blue light revealing the flag design.
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To demonstrate that patterns with more intricate photomask designs can be readily
achieved, a larger plate of glass was fashioned with opaque stickers (Figure 2.4a) to afford a
photomask in the design of the United States Flag. A larger hydrogel with a photocatalyst and
1.75 wt % cross-linker was synthesized (Figure 2.4b) and placed on top of the photomask. This
larger hydrogel was irradiated from underneath by two 450 nm, 12 W blue LED light sources for
1.5 h. It is important to point out that this photopatterning was performed on the benchtop, which
is an indication that the PET process can outcompete any potential O2 that may diffuse into the
hydrogel during the photopatterning step. Once the photopatterning had been completed, the
“flag” hydrogel was removed from the photomask and its oxidation over the course of 2 h was
monitored. This benchtop photopatterning experiment confirms that it is feasible to utilize this
patterning strategy on larger hydrogels, potentially ones that contain cells for mechanobiological
studies, for example.

2.5 Conclusions
In this chapter, a new functional cross-linker comprising two viologen subunits tethered by
HEG and endcapped with styrene groups was described. The viologen subunits in the crosslinker can dimerize intramolecularly upon a one-electron reduction of each subunit, which we
demonstrated could be achieved using a PET mechanism involving Ru(bpy)3Cl2 and TEOA as a
sacrificial reductant. Once incorporated into an acrylate-based hydrogel, the photoreduction of
the cross-linker resulted in hydrogel contraction down to approx. 45% of the original starting
volume as part of a concerted mechanism involving radical−radical pairing and loss of positive
charges and the corresponding counterions. These physical changes in the hydrogel network
expelled H2O and led to faster rates of contraction, increased stiffness, and greater values for
Young’s modulus, tensile strength, and percent elongation at break in the contracted hydrogels.
The use of visible light as a spatiotemporal trigger to control the hydrogel’s mechanical properties
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was exploited to photopattern reversibly only certain areas of hydrogels that were unmasked.
Each irradiated portion not only exhibited an approx. 1.0−2.3 increase in their storage modulus
relative to the masked areas of the hydrogel, but the written photopattern could also be easily
erased by turning off the blue light source and allowing the viologens to oxidize and the hydrogel
to reswell in H2O. We envision that this scalable photopatterning strategy will find application in
several areas in material science and biology on account of the demonstrated reversibility, as well
as the versatility that can be had when pairing the functional bis(viologen) cross-linker with any
type of a monomer, thus allowing for an even greater level of tuning, depending on the desired
application.
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3.1 Abstract
Although it is well known that viologen radical cations can self-assemble into stacks or complexes
on account of radical-radical pairing interactions, it has only recently been demonstrated that
reduction of main-chain polyviologens integrated into hydrogel networks can trigger actuation. In
these earlier examples, hydrogels comprising oligoethylene glycol-based polyviologens and
poly(ethylene glycol) were functionalized with terminal azide groups to prepare ‘click’-based gels.
In this chapter, I describe the new structural design for the functional polyviologen that consists
of main-chain viologen subunits separated by hexamethylene groups instead of glycols and is
capped at each end with styrene groups. By switching to a more hydrophobic linker, the synthesis
became less tedious and error-prone due to mitigation of unwanted hydrolysis and increased the
hydrophobicity of the viologens that causes a higher degree of polymer contraction from
hydrophobic stacking interactions. Activation of this viologen-based macrocrosslinker was
achieved using chemical- and photoreduction methods and its ability to undergo intramolecular
chain-folding was monitored by absorption spectroscopy. Acrylate-based organogels and
hydrogels were also prepared, and a comparison was carried out to assess the actuator
performance in each gel in terms of the rate of contraction and changes in stiffness.

3.2 Introduction
While work described in Chapter 2 was underway, I was also working on the development of
another new redesign of our viologen-based crosslinkers along with my undergraduate mentee,
Anusree Natraj. First, we slightly modified the method by which we prepare gels from what
previous group members, Kevin Liles and Faheem Amir, were using: instead of a photointiator
that required handling materials inside of a N2-filled glovebox, a water-soluble thermal initiator
((NH4)2S2O8) was used to construct uniform gels. The second modification to the polyviologen
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structure was to the spacers that tether each viologen unit along the chain. In our previous works,
hexaethylene glycol (HEG) ditosylate was added during every synthetic cycle since it was the
longest glycol chain that is commercially available and could serve as a highly water-soluble and
flexible linker. We hypothesized that by switching this very hydrophilic linker in the alternating
viologen sequence to a more crystalline and hydrophobic linker, it would be possible to enhance
the hydrophobic effect1 that results from the reduction of each viologen dication (V2+) to its
corresponding radical cation (V●+), which could increase the subsequent intramolecular stacking
interactions. The self-assembly properties of this new redox-responsive macrocrosslinker were
characterized by measuring the absorption spectroscopy after photoreduction in both DMF and
H2O and its ability to serve as redox-active, actuating material inside a gel network was also
assessed as both an organogel (polymer network swollen entirely with an organic solvent) in DMF
and a hydrogel (polymer network swollen with H2O) after swelling in the photocatalyst
cocktail([Ru(bpy)3]Cl2 and TEOA) in the appropriate solvent. Due to the low radical-radical
stacking interactions that occur in organic solvents, we believed that this effect would translate to
lower contraction rates when comparing the organogels and hydrogels. We compared the
respective contraction rates and changes in stiffness of the gels (as measured by oscillatory shear
rheology) once the contraction had completed.
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3.3 Materials and Methods
3.3.1 Experimental Methods
All reagents were purchased from commercial suppliers and used without further purification
unless stated otherwise. The chemical and photochemical reduction of polyviologens and gels
was performed under an inert atmosphere of UHP nitrogen. All nuclear magnetic resonance
(NMR) spectra were recorded on Varian Inova-500 with working frequencies of 500 (1H) and 125
(13C) MHz. Chemical shifts are reported in ppm relative to the signals corresponding to the
residual non-deuterated solvent: (CD3)2SO: δH = 2.50 ppm and δC = 39.52 ppm. Ultraviolet-VisibleNear Infrared (UV-Vis-NIR) absorbance spectra were recorded on an Agilent Cary 5000
spectrophotometer with a PbSmart NIR detector. Infrared spectroscopy (IR) was performed on a
Bruker Alpha Platinum ATR FT-IR spectrometer. Electrochemical measurements were obtained
with a Gamry multipurpose potentiostat with a Ag/AgCl reference electrode, glassy carbon
working electrode, platinum wire auxiliary electrode, and 0.1 M KCl or TBAPF6 as the supporting
electrolyte. Size exclusion chromatography (SEC) analyses were performed on an Agilent 1260
Infinity setup with three PSS NOVEMA MAX Lux analytical 100 Å columns in tandem and 0.025
M Na2SO4 in H2O mobile phase run at 23 °C. The differential refractive index (dRI) of each
compound was monitored using a Wyatt Optilab T-rEX detector and the light scattering (LS) of
each compound was monitored using a Wyatt Dawn Heleos-II detector. High-Res Mass
Spectrometry (HRMS) was recorded on a Bruker maXis 4G UHR-TOF mass spectrometer.
Photoreduction and photopatterning experiments were performed using a Hampton Bay desk
lamp with an ABI LED Aquarium light bulb (450 nm / 12 Watt / 740 Lumens). Frequency sweep
(1.0% strain, 0.1 to 30 rad s–1) and strain sweep (1 rad s–1, 0−50% strain) experiments were
performed on a TA AR-G2 Oscillatory Shear Rheometer with 20 mm geometry with 0.5 N of
normal force applied to gels before acquisition. Thermogravimetric analysis (TGA) was performed
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on a TA Instruments TGA5000 and differential scanning calorimetry (DSC) was performed on a
TA instruments DSC2500. Photochemical reduction of the viologen-based gels using
[Ru(bpy)3]Cl2 and triethanolamine (TEOA) was accomplished using two Hampton Bay desk lamp
with ABI LED Aquarium light bulbs (450 nm / 12 Watt / 740 lumens). To aid in the precipitation of
viologen-based compounds from their crude reaction mixtures, a Thermo Scientific Sorvall ST 8
small benchtop centrifuge was employed.

3.3.2 Synthetic Methods
Preparation of 2V•2PF6
1,6-Dibromohexane (2.5 g, 1.58 mL, 10.25 mmol, 1 equiv) and 4,4ʹ-bipyridine (32.0 g, 205 mmol,
20 equiv) were dissolved in MeCN (250 mL) and heated to reflux for 24 h. The resulting yellow
solid was filtered and washed with PhMe to remove remaining starting materials. The solid was
dissolved in a minimal amount of H2O (~100 mL) and NH4PF6 (5.01g, 30.75 mmol, 3 equiv) was
added to precipitate the compound. The solid was filtered, washed with copious amounts of H2O,
and dried overnight to yield 2V•2PF6 as an off-white solid (6.22 g, 88% yield). 1H NMR (500 MHz,
(CD3)2SO): δH 9.21 (d, J = 6.6 Hz, 4H); 8.88 (d, J = 5.6 Hz, 4H); 8.64 (d, J = 6.6 Hz, 4H); 8.03 (d,
J = 5.8 Hz, 4H); 4.63 (t, J = 7.3 Hz, 4H); 1.98 (p, J = 7.2 Hz, 4H); 1.38 (p, J = 3.6 Hz, 4H).

13

C

NMR (125 MHz, (CD3)2SO): δC 152.35, 150.98, 145.25, 140.83, 125.37, 121.87, 60.30, 30.36,
24.88. HRMS-ESI for 2V•2PF6; Calcd for C26H28F6N4P : m/z = 541.1950 [M – PF6]+ ; Found:
541.1920 [M – PF6]+.

Scheme 3.1: Synthesis of 2V•2PF6 (HM)
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Preparation of 2V-Br•4PF6

Scheme 3.2: Synthesis of 2V-Br•4PF6 (HM)

2V•2PF6 (1.0 g, 1.46 mmol, 1 equiv), 1,6-dibromohexane (10.7 g, 6.72 mL, 43.71 mmol, 30 equiv)
and KPF6 (1.61 g, 8.74 mmol, 6 equiv) were dissolved in dry MeCN (29 mL, 35 mg/mL 2V•2PF6)
and heated to 130 °C in a 100 mL high pressure vessel while stirring for 15 h. The reaction vessel
was cooled to room temperature and the solution was decanted into four 50 mL centrifuge tubes
and diluted to 50 mL with PhMe. The tubes were centrifuged at 4500 rpm for 2 min. The solution
was decanted away, the solid was re-dissolved in a minimal amount of MeCN and diluted to 50
mL with PhMe. The previous two steps were repeated three times. The solid was filtered, dried
with Et2O, sonicated in H2O to remove the remaining unwanted salts, and dried again with Et2O
to yield 2V-Br•4PF6 as an off-white solid (1.70 g, 89% yield). 1H NMR (500 MHz, (CD3)2SO): δH
9.36 (m, 8H); 8.76 (m, 8H); 4.69 (t, J = 7.5 Hz, 8H); 3.54 (t, J = 6.7 Hz, 4H); 2.08 – 1.94 (m, 8H);
1.82 (p, J = 6.7 Hz, 4H); 1.41 (m, 12H). 13C NMR (125 MHz, (CD3)2SO): δC 148.70, 148.60, 145.76,
145.71, 126.56, 60.89, 60.83, 34.96, 31.89, 30.51, 30.46, 26.88, 24.92, 24.54. HRMS-ESI for 2VBr•4PF6; Calcd for C38H52Br2F12N4P2 : m/z = 507.0905 [M – 2PF6]2+ ; Found: 507.0884 [M –
2PF6]2+.
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Preparation of 4V•6PF6

Scheme 3.3: Synthesis of 4V•6PF6 (HM)

2V-Br•4PF6 (1.0 g, 0.767 mmol, 1 equiv), 4,4ʹ-bipyridine (3.59 g, 23.01 mmol, 30 equiv), and
KPF6 (847 mg, 4.602 mmol, 6 equiv) were dissolved in dry MeCN (29 mL, 35 mg/mL 2V-Br•4PF6)
and heated to 130 °C in a 100 mL high pressure vessel while stirring for 15 h. The reaction vessel
was cooled to room temperature and the solution was decanted into four 50 mL centrifuge tubes
and diluted to 50 mL with PhMe. The tubes were centrifuged at 4500 rpm for 2 min. The solution
was decanted away, the solid was re-dissolved in a minimal amount of MeCN and diluted to 50
mL with PhMe. The previous two steps were repeated three times. The solid was filtered, dried
with Et2O, sonicated in H2O to remove the remaining unwanted salts, and dried again with Et2O
to yield 4V•6PF6 as an off-white solid (1.132 g, 84% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.36
(d, J = 6.3 Hz, 8H); 9.22 (d, J = 6.9 Hz, 4H); 8.91 (d, J = 6.2 Hz, 4H); 8.76 (d, J = 5.4 Hz, 8H);
8.65 (d, J = 6.9 Hz, 4H); 8.08 (d, J = 6.2 Hz, 4H); 4.73 – 4.60 (m, 12H); 1.99 (m, 12H); 1.46 – 1.34
(m, 12H).13C NMR (125 MHz, (CD3)2SO): δC 150.41, 145.73, 145.28, 126.52, 125.46, 122.15,
60.80, 60.32, 30.53, 30.49, 30.40, 25.01, 24.98, 24.90. HRMS-ESI for 4V•6PF6; Calcd for
C58H68F24N8P4 : m/z = 728.2062 [M – 2PF6]2+ ; Found: 728.2060 [M – 2PF6]2+.
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Preparation of 4V-Br•8PF6

Scheme 3.4: Synthesis of 4V-Br•8PF6 (HM)

4V•6PF6 (3.00 g, 1.72 mmol, 1 equiv), 1,6-dibromohexane (16.79 g, 10.60 mL, 68.8 mmol, 40
equiv), and KPF6 (1.90 g, 10.32 mmol, 6 equiv) were dissolved in 10% DMF in MeCN (dry, 60 mL
total, 50 mg/mL 4V•6PF6) and heated to 130 °C in a 250 mL high pressure vessel while stirring
for 15 h. The reaction vessel was cooled to room temperature, the reaction mixture was filtered,
and the solute was transferred into eight 50 mL centrifuge tubes and diluted to 50 mL with Et 2O.
The tubes were centrifuged at 4500 rpm for 2 min. The solution was decanted away, the solid
was re-dissolved in a minimal amount of MeCN and diluted to 50 mL with Et2O. The previous two
steps were repeated three times. The solid was filtered, dried with Et 2O, sonicated in H2O to
remove the remaining unwanted salts, and dried again with Et2O to yield 4V-Br•8PF6 as a light
brown solid (2.61 g, 64% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.37 (m, 16H); 8.76 (m, 16H);
4.68 (t, J = 7.3 Hz, 16H); 3.54 (t, J = 6.6 Hz, 4H); 2.00 (m, 16H); 1.82 (m, 4H); 1.50 – 1.29 (m,
20H).13C NMR (125 MHz, (CD3)2SO): δC 148.60, 145.72, 126.54, 60.86, 60.79, 34.95, 31.87,
30.51, 30.49, 26.87, 24.98, 24.96, 24.53. HRMS-ESI for 4V-Br•8PF6; Calcd for C70H92Br2F30N8P5
: m/z = 643.1328 [M – 3PF6]3+ ; Found: 643.1306 [M – 3PF6]3+.
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Preparation of 6V•10PF6

Scheme 3.5: Synthesis of 6V•10PF6 (HM)

4V-Br•8PF6 (500 mg, 0.2114 mmol, 1 equiv), 4,4ʹ-bipyridine (991 mg, 6.34 mmol, 30 equiv), and
KPF6 (233 mg, 1.27 mmol, 6 equiv) were dissolved in 5% DMF in MeCN (dry, 10 mL total, 50
mg/mL 4V-Br•8PF6) and heated to 130 °C in a 40 mL high pressure vessel while stirring for 15 h.
The reaction vessel was cooled to room temperature, the reaction mixture was filtered, and the
filtrate was transferred into six 15 mL centrifuge tubes and diluted to 15 mL with Et2O. The tubes
were centrifuged at 4500 rpm for 2 min. The solution was decanted away, the solid was redissolved in a minimal amount of MeCN and diluted to 15 mL with Et2O. The previous two steps
were repeated three times. The solid was filtered, dried with Et2O, sonicated in H2O to remove
the remaining unwanted salts, and dried again with Et2O to yield 6V•10PF6 as a light brown solid
(330 mg, 56% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.36 (m, 16H); 9.22 (d, J = 6.9 Hz, 4H);
8.90 (dd, J = 4.6, 1.6 Hz, 4H); 8.77 (m, 16H); 8.64 (d, J = 6.9 Hz, 4H); 8.07 (dd, J = 4.6, 1.6 Hz,
4H); 4.73 – 4.61 (m, 20H); 2.06 – 1.94 (m, 20H); 1.47 – 1.35 (m, 20H).13C NMR (125 MHz,
(CD3)2SO): δC 152.24, 150.63, 148.63, 145.73, 145.27, 141.26, 126.53, 125.44, 122.06, 60.82,
60.33, 30.52, 30.47, 30.40, 24.99, 24.96, 24.89. HRMS-ESI for 6V•10PF6; Calcd for
C90H108F42N12P7 : m/z = 790.5432 [M – 3PF6]3+ ; Found: 790.8784 [M – 3PF6]3+.
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Preparation of 6V-Styrene•10PF6•2Cl

Scheme 3.6: Synthesis of 6V-Styrene•10PF6•2Cl (HM)

6V•10PF6 (1 g, 0.356 mmol, 1 equiv) and 4-vinylbenzyl chloride (2.72 g, 2.51 mL, 17.80 mmol, 50
equiv) were dissolved in DMF (dry, 20 mL, 50 mg/mL 6V•10PF6) and heated to 55 °C for 36 h.
The reaction vessel was cooled to room temperature and the solution was transferred into four
50 mL centrifuge tubes and diluted to 50 mL with Et2O. The tubes were centrifuged at 4500 rpm
for 2 min. The solution was decanted away, the solid was re-dissolved in a minimal amount of
DMF and diluted to 50 mL with Et2O. The previous two steps were repeated three times. The
solid was filtered, dried with Et2O to yield 6V–St•10PF6•2Cl as a light brown solid (928 mg, 84%
yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.54 (d, J = 6.0 Hz, 4H); 9.51 – 9.41 (m, 20H); 8.89 –
8.70 (m, 24H); 7.59 (dd, J = 20.4, 8.1 Hz, 8H); 6.75 (dd, J = 17.6, 11.0 Hz, 2H); 5.95 (s, 4H); 5.90
(d, J = 17.6 Hz, 2H); 5.33 (d, J = 10.9 Hz, 2H); 4.77 – 4.67 (m, 20H); 2.08 – 1.92 (m, 20 H); 1.49
– 1.35 (m, 20H).13C NMR (125 MHz, (CD3)2SO): δC 149.14, 148.67, 148.57, 145.79, 145.70,
138.30, 135.76, 133.47, 129.33, 127.08, 126.88, 126.67, 126.55, 115.83, 63.17, 60.68, 30.47,
24.86. HRMS-ESI for 6V–Styrene•10PF6•2Cl; Calcd for C108H126F48N12P8 : m/z = 687.9344 [M –
2Cl – 2PF6]4+ ; Found: 687.9346 [M – 2Cl – 2PF6]4+. 6V–Styrene•10PF6•2Cl was converted to
6V–St•12Cl for spectroscopic characterization by the addition of excess tetrabutylammonium
chloride (TBACl) in MeCN and several washes with MeCN.
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3.3.2 Fabrication of Hydrogels and Organogels

Table 3.1: Reagent amounts for the fabrication of 6V-Styrene•10PF6•2Cl-crosslinked hydrogels.

A modified procedure2 was used for the synthesis of the organogels. The reagents for
polymerization (Table 3.1) were dissolved in 4.20 mL of DMSO and the solution was vortexed and
sonicated to ensure complete dissolution and even mixing. The solution was then plated into a 2.54  2.54
cm clear, square mold (1.5 mL/mold) and heated in an oven at 75 °C for 1 h (Figure 2.3a). The cured gels
were carefully removed from the gel mold using a spatula and placed in a solvent-resistant plastic box. The
gels were then soaked in DMF for 48 h to allow for full swelling. FTIR was performed on a separate, as
synthesized gel to confirm complete conversion of the crosslinker (Figure 3.4h).
The hydrogels were first synthesized as organogels with the above procedure. After swelling for
48 h, the gels were transferred into a 0.1M solution of TBACl in an 80:20 DMF:H 2O mixture and were
soaked for 3.5 h. The solution was decanted away from the gels and the gels were soaked in a solution of
0.1M TBACl in a 50:50 DMF:H2O mixture for 3.5 h, in a solution of 0.1M TBACl in an 20:80 DMF:H 2O
mixture for 3.5 h, then in a solution of 0.1M TBACl in 100% H2O for 12 h, and finally in pure H2O for 48 h to
ensure complete counteranion exchange.
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3.4 Results and Discussion

Figure 3.1: Iterative protocol to synthesize the HM-based polyviologen crosslinker 6V–Styrene•10PF6•2Cl.

The synthesis (Figure 3.1) of the hexamethylene-based polyviologen crosslinker (6V–
Styrene•10PF6•2Cl) follows a modified version of our previously reported iterative protocol3 where
a pseudoviologen dimer, 2V•2PF6, was dissolved with 30 equiv of 1,6-dibromohexane (DBH) and
6 equiv of potassium hexafluorophosphate (KPF6) in MeCN (dry, 35 mg/mL 2V•2PF6), in a Teflon
screw-capped high-pressure reaction flask that was heated to 130°C while stirring for 15 h. The
product from this first reaction was obtained by precipitating the crude reaction mixture in toluene
(PhMe), followed by centrifugation at 4500 rpm for 2 min. Additional precipitation steps were
performed with a residual amount of MeCN and an excess of PhMe. The resultant solid product
was obtained by filtration, followed by washing away excess salts via addition of copious amounts
of H2O and drying using diethyl ether (Et2O). This synthetic protocol afforded brominated viologen
dimer (2V-Br•4PF6) in 89% yield. The corresponding tetramer (4V•6PF6) was obtained by treating
bromineterminated 2V-Br•4PF6 with 30 equiv of 4,4′-bipyridine (BIPY) (Figure 3.1, right) and 6
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equiv of KPF6 dissolved in anhydrous MeCN in a Teflon screw-capped high-pressure vessel that
was heated to 130°C while stirring for 15 h. Isolation of the product was carried out in the same
manner as the previous step, where the crude reaction mixture was treated with PhMe to induce
precipitation. The yield for pure 4V•6PF6 from this iterative reaction step was 84%. The two
previous cycles were repeated to afford the BIPY-end-capped 6V•10PF6 in 56% yield, which was
then end-capped with styrene groups by adding 50 equiv of 4-vinylbenzyl chloride dissolved in
DMF (50 mg·ml-1 6V•10PF6) and heating to 55°C for 3 d. The product was obtained by

Figure 3.2: 1H NMR Characterization of the synthetic intermediates to generate 6V-Styrene•10PF6•2Cl. a) 1H NMR
(500 MHz, (CD3)2SO) spectra for each iterative product in the synthesis of 6V–Styrene•10PF6•2Cl. *DMF ◊DMSO
▼H2O ΔEt2O. <3% impurity of 6V•10PF6 in final product 6V–Styrene•10PF6•2Cl according to integration values.
However, an improved synthetic protocol for 6V–Styrene•12PF6 and 1H NMR was obtained that possessed no
impurities, but this version of the crosslinker was obtained after the synthesis of the gels investigated herein.
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precipitating with Et2O, but now using a residual amount of DMF instead of MeCN. The yield for
the final crosslinker product was 84%.
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by proton
Figure 3.3:
Sizeiterative
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nuclear
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(SEC) (Figure 3.3) and high-resolution mass spectrometry (HRMS). A consistent trend in proton
resonances exists (Figure 3.2) for the 1H NMR spectrum of each iterative product. Specifically,
the products that are terminated with pyridyl groups show a distinct set of four peaks between
8.0–9.4 ppm, which arises from the asymmetry of the α and β protons associated with each end
group. Likewise, the bromine-terminated iterative products contain symmetrical viologen subunits
and so only two proton resonances near 8.6 and 9.4 ppm are visible and represent the α and β
protons. Also, the methylene hydrogens α to the bromine end groups show a distinct proton
resonance that splits into a triplet near 3.5 ppm. The final crosslinker product, 6VStyrene•10PF6•2Cl also possesses asymmetric terminal viologen subunits, hence a new proton
resonance emerges above 9.5 ppm and another slightly below 9.0 ppm, representing the viologen
α and β protons closest to the styrene end groups. Additionally, the methylene protons of the
styrene group are visible just below 6.0 ppm, and expectedly the three vinylogous proton
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resonances appear at 5.3, 5.9, and 6.8 as a doublet, doublet, and doublet of doublets,
respectively.
In addition to NMR spectroscopic analysis, the purity of the pyridyl- and styrene-terminated
intermediates was assessed by SEC at 23°C using a differential refractive index (dRI) detector
(see SI for column specifications). The dimer (2V•2PF6), tetramer (4V•6PF6), hexamer
(6V•10PF6), and the final macrocrosslinker (6V-Styrene•10PF6•2Cl) were precipitated initially as
their bisulfate salts (HSO4–) after the PF6– precursors were treated with H2SO4 in a 50:50 solvent
mixture of MeCN:MeOH, followed by washing with copious amounts of MeCN. The resultant solid
samples were dissolved at 2 mg·ml-1 in H2O containing 0.025 M Na2SO4 and injected onto the
SEC column with a 0.025 M Na2SO4 aqueous mobile phase. Each intermediate yielded narrow,
monomodal SEC-dRI traces (Figure 3.2) which lack significant shoulders that would indicate the
presence of unreacted precursors or larger unwanted oligomeric byproducts. Although some band
broadening of the higher molecular weight oligomers is evident, this result is not surprising
considering the expected increase in polarity as more positive charges are added, the latter of
which will undoubtedly affect sample-column interactions and thus its elution.
With the polyviologen crosslinker in hand, its ability to self-assemble intramolecularly in
H2O was assessed (Figure 3.4 a,b) by carrying out ultraviolet-visible-near infrared (UV-Vis-NIR)
absorption spectroscopy experiments on the photoreduced samples of 6V-Styrene•10PF6•2Cl at
0.05 mM and as the all-chloride salt to ensure solubility (i.e., 6V-Styrene•12Cl). For the
photoreduction step, PET from the photocatalyst to the viologen subunits of 6V-Styrene•12Cl was
achieved by dissolving the crosslinker in a N2-sparged aqueous (D2O) solution containing 0.15
mM [Ru(bpy)3]Cl2 and 3.0 mM TEOA, followed by irradiating the solution (0.7 mL in a 2 mm path
length quartz cuvette) with a 450 nm, 12 W blue light for 20 min. The UV-Vis-NIR data was
collected (Figure 3.4b, purple trace) and a distinct absorption peak in the NIR centered about
70

Figure 3.4: Characterization of 6V-Styrene•10PF6•2Cl. a) UV-Vis-NIR absorption spectra for the photoreduced
polyviologen crosslinker dissolved in D2O at 12.5 and 25 μM. b) UV-Vis-NIR absorption spectra for the photoreduced
polyviologen crosslinker dissolved in DMF and D2O, at 0.05 mM in both cases. Photoreduction was achieved by
irradiating with blue light (450 nm) for 20 min a solution containing the crosslinker, 0.15 mM [Ru(bpy) 3]Cl2, and 3.0 mM
TEOA in N2-sparged solvents. The crosslinker cartoons represent idealised conformations upon photoreduction in each
solvent. Cyclic voltametry of c) 6V-Styrene•10PF6•2Cl in DMF and d) 6V-Styrene•12Cl in H2O at 100 mV/s.
Thermogravimetric analysis of e) 6V•10PF6 and f) 6V-Styrene•10PF6•2Cl. g) As synthesised organogel before swelling
b) FT-IR of 6V-Styrene•10PF6•2Cl and the 0.15 mol% as-synthesised organogel. The disappearance of the sp 2 CH
stretch at 3137 cm-1 and the C=C stretch at 1638 cm-1 indicates total conversion of 6V-Styrene•10PF6•2Cl into the gel
network.

950 nm was observed. This peak is associated with the formation of viologen radical dimers4 and
was observed as well in our previously reported oligoethylene glycol-based polyviologens.3, 5, 6
In contrast, photoreduction of the crosslinker as the mixed anion salt (6VStyrene•10PF6•2Cl) dissolved at 0.05 mM in DMF (Figure 3.4b, blue trace) showed no distinct
NIR absorption peak after an identical experimental setup to the D2O photoreduction was
implemented. Instead, a broad multimodal peak centered about 600 nm was observed, which is
indicative of a non-stacked viologen radical cation. Interpretation of these findings reveals the
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polyviologen crosslinker is incapable of intramolecular chain folding in DMF, but readily collapses
on itself in D2O (and H2O), a process which is presumably aided by the hydrophobic effect.
Additional UV-Vis-NIR data was collected (Figure 3.4a) on photoreduced samples of 6V-Styrene
(as the Cl– salt) at 25.0 and 12.5 μM to illustrate viologen radical dimerization at more dilute
concentrations. Even at 25.0 μM, the diagnostic NIR absorption peak centered about 900 nm was
present, which implies the dimerization is intramolecular at this low of a concentration, as opposed
to intermolecular. However, when the concentration of the reduced macrocrosslinker was diluted
to 12.5 μM, the sample was too dilute to obtain definitive peaks in the visible and NIR regions of
the absorption profile. Based on these results, it is possible, especially in the case of the hydrogel,
that some intermolecular stacking may occur. To corroborate the photoreduction results, identical
crosslinker samples were prepared in DMF and D2O, but instead chemical reduction was carried
out by adding excess Zn(0) dust or sodium dithionite (Na2S2O4), respectively. Nearly identical
absorption profiles as the ones produced from photoreduction were obtained, thus verifying the
reported PET mechanism. Further characterization was performed in the form of cyclic
voltammetry (CV) (Figure 3.4 c,d) on the 6V-Styrene•10PF6•2Cl crosslinker in DMF and H2O, as
well as thermogravimetric analysis (TGA; Figure 3.4 e,f), which was carried out on the crosslinker
precursor (6V•10PF6) and the crosslinker (6V-Styrene•10PF6•2Cl). It is important to note that the
CV data for the crosslinker corroborates the viologen radical dimerization conclusion derived from
the UV-Vis-NIR spectroscopic data shown in Figure 3.4b since in DMF two 2 e– reduction and
oxidation waves were observed, thus indicating little to no electronic coupling between adjacent
viologen radicals. In contrast, the CV data for the crosslinker in H2O (Figure 3.4d) shows four
separate 1 e– reduction waves and two 2 e– oxidation waves, a change in reduction potentials
that suggests viologen radical pairing is more prominent in H2O and may be aided further by the
hydrophobic effect.
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Figure 3.5: Fabrication and performance of a 6V-Styrene•10PF6•2Cl-based organogel and hydrogel (after swelling in
TBACl). Thermally initiated polymerization of HEA in the presence of 0.15 mol % 6V-Styrene•12Cl (HM) crosslinker to
generate the as-synthesized gel (upper left image). Subsequent swelling in DMF for 48 h afforded a completely swollen
organogel, which was used to calculate the crosslinking density and molecular weight between junctions. A subset of
organogels were converted to hydrogels by diffusing in tetrabutylammonium chloride (TBACl) using a DMF:H 2O
gradient over several days. Photoreduction of both the organogel and hydrogel was achieved by soaking each in the
photoredox solution and irradiating for up to 4 h. The gels are easily oxidized (right pictures) by letting them re-swell in
O2-saturated H2O or DMF on the bench top.

Next, the polyviologen crosslinker (at 0.15 mol%, or ~4 wt %) was used to synthesize
organogels (Figure 3.3g) consisting of poly(2-hydroxyethyl acrylate) (poly(HEA)) formed in situ
after a thermal initiator was dissolved in DMSO with the other reagents (Table 3.1) and the
reaction mixture was heated to 75°C for 1 h. After the gels completed curing, the as synthesized
gel was removed from its mold and Fourier-transform Infrared (FTIR) spectroscopy was used
(Figure 3.3h) to confirm full conversion of all monomers and crosslinker vinyl groups. The
organogels were then swollen in DMF for 48 h to obtain the swollen mass, which (when combined
with the corresponding dry masses) was used to calculate the crosslinking density (1.62 mol/m3)
and molecular weight (69.6 kDa) of polymer chains in between crosslinking junctions. A subset of
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organogels was converted into hydrogels by soaking them in a gradient of DMF:H2O solutions
containing tetrabutylammonium chloride (TBACl).
The ability of each type of gel to perform as a light-activated actuator was assessed by
soaking both organogels and hydrogels in a ‘photoredox solution’ containing 0.15 mM
[Ru(bpy3)]Cl2 and 3.0 mM TEOA. Each type of gel was then placed inside a closed glass petri
dish and irradiated from above and below with two desk lamps equipped with 450 nm, 12 W blue
LED light bulbs. Within 5–10 min of irradiation, the gels began darkening, and by 45 min (Figure
3.5, middle images) each gel appeared black due to a higher concentration of viologen radicals
generated under continuous irradiation. Thus, the UV-Vis-NIR absorption data for the reduced
crosslinker in solution suggests the dark color in the organogel is likely the result of an increased
local concentration of viologen radicals through intermolecular chain-chain interactions between
crosslinkers, whereas in the hydrogel, the dark color is more likely a combination of intramolecular
chain folding and intermolecular viologen radical pimerization between crosslinking chains in the
network. Hence, the organogel did not appear to contract and decrease in size nearly as much
when compared to the hydrogel, which underwent much more contraction in the same amount of
irradiation time. Lastly, the photoreduction process was easily reversed by placing the
photoreduced gels in either O2-saturated DMF or H2O (Figure 3.5, right images). The kinetic
photoreduction experiments of both organogels and hydrogels embedded with photocatalyst were
carried out by irradiating each group of gels from above and below for 4 h. Every 15–30 min, the
volume of each gel was measured, and the average of this data is plotted in Figure 3.6a,b. There
is a clear difference in actuator performance in favor of the hydrogel (purple trace) vs the
organogel (blue trace). The organogel underwent a maximum of 40% contraction over 4 h,
whereas the hydrogel contracted by nearly 50% in the first 60 min, and by 85% after 4 h. Not only
does this represent a greater than two-fold increase in contraction over the organogels, but the
rate of contraction was also approximately five times faster than that of our previous (31)
74

photomechanical actuator hydrogels consisting of ‘click’-based PEG and polyviologen. When
organogels and hydrogels were synthesized and irradiated in an identical experiment, except with
no photocatalyst solution soaked into the gels, only maximum contractions of 22–23% of the
original starting volumes were observed. These control experiments demonstrate that
dehydration or loss of solvent due to low levels of heat that may originate from the LED bulbs
cannot account for the faster rates of contraction, nor the larger total extent of contraction. Since
we irradiated from both sides of the petri dish, it was difficult to control the temperature inside of
the dish.
In our previous PEG-based hydrogel actuator studies, the photoreduced gels became
stiffer as they contracted, largely due to loss of H2O as the average mesh size decreased and the
gels shrank. This stiffening process was quantified by measuring the storage modulus (G′)

Figure 3.6: Performance of the hydrogel actuator. a) Kinetic plots diagramming the rates of contraction with respect to
a) relative volume changes as a function of time for all organogels and hydrogels and b) the absolute volume change
during the 4 h irradiation period for each indicated gel. Rheological characterisation of the c) storage modulus (Gʹ) of
the organogels d) storage modulus (Gʹ) of the hydrogels e) loss modulus (Gʺ) of the organogels f) loss modulus (Gʺ)
of the hydrogels.
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through shear rheological characterization experiments. In the present case, the organogels
(Figure 3.6c) did not show any appreciable difference in G′ values over a wide range of angular
frequency values between the photoreduced, the control (irradiated, but with no photocatalyst),
and the as synthesized, DMF swollen organogels. This data further supports the theory that the
polyviologen chains are not contracting much inside the network, which would lead to only minor
changes in size and mechanical properties. On the other hand, the rheological data for the
hydrogels (Figure 3.6d) shows a three-fold difference (i.e., ~1.6 vs. 4.7 kPa) between the
photoreduced/contracted, the control (irradiated, but with no photocatalyst), and the as
synthesized, swollen hydrogels. This kinetic and rheological data support the statement that
viologen reduction, followed by stacking is much more favorable in H2O than in DMF.

3.5 Conclusions
In this chapter, the design, synthesis, and performance of a new sequence-defined
polyviologen crosslinker that serves as the redox-responsive component in gel-based actuators
is described. The macrocrosslinker consists of six viologen subunits separated by aliphatic
hexamethylene spacers and is capped at both ends with styrene groups. This design makes for
a more versatile crosslinker that can be paired with any vinyl-containing monomer to make gels.
Additionally, the synthetic products are easier to isolate on account of the increased
hydrophobicity of the crosslinker; a property which is magnified upon reduction of the constituent
viologens to their corresponding radical cationic oxidation states, which decreases the overall
number of positive charges by 50%. The polyviologen crosslinker’s ability to undergo
intramolecular self-assembly in response to a photoinduced electron transfer from a photoredox
catalyst that was irradiated with blue light (450 nm) was confirmed by UV-Vis-NIR absorption
spectroscopy experiments. A series of organogels and hydrogels was synthesized using the
polyviologen crosslinker, and their corresponding rates and extent of contraction was investigated
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in response to the blue light source. The polyviologen-containing organogels mainly just changed
colors, appearing almost black, but did not undergo any appreciable contraction or statistically
significant changes in mechanical properties. The hydrogels, however, exhibited large changes
in size (contraction down to ~15% of their original starting volume), as well as in gel stiffness,
where a nearly three-fold change in the storage modulus after photoreduction/contraction was
observed relative to the as synthesized, swollen hydrogel before contraction. We envision this
new polyviologen crosslinker with improved properties and photomechanical actuator
performance may prove useful in a wide range of scientific areas, such as materials science,
chemistry, and biology, many of which require light-based activation of a material.

3.6 References
1.

Chandler, D., Interfaces and the driving force of hydrophobic assembly. Nature 2005, 437
(7059), 640-647.

2.

Liu, X.; Zhang, Q.; Duan, L.; Gao, G., Bioinspired Nucleobase-Driven Nonswellable
Adhesive and Tough Gel with Excellent Underwater Adhesion. ACS Appl. Mater. Inter. 2019,
11 (6), 6644-6651.

3.

Greene, A. F.; Danielson, M. K.; Delawder, A. O.; Liles, K. P.; Li, X. S.; Natraj, A.; Wellen,
A.; Barnes, J. C., Redox-Responsive Artificial Molecular Muscles: Reversible Radical-Based
Self-Assembly for Actuating Hydrogels. Chem. Mater. 2017, 29 (21), 9498-9508.

4.

Fahrenbach, A. C.; Barnes, J. C.; Lanfranchi, D. A.; Li, H.; Coskun, A.; Gassensmith, J.
J.; Liu, Z.; Benitez, D.; Trabolsi, A.; Goddard, W. A., 3rd; Elhabiri, M.; Stoddart, J. F.,
Solution-phase mechanistic study and solid-state structure of a tris(bipyridinium radical
cation) inclusion complex. J. Am. Chem. Soc. 2012, 134 (6), 3061-72.

5.

Liles, K. P.; Greene, A. F.; Danielson, M. K.; Colley, N. D.; Wellen, A.; Fisher, J. M.;
Barnes, J. C., Photoredox-Based Actuation of an Artificial Molecular Muscle. Macromol.
Rapid Commun. 2018, 39 (17), 1700781.

6.

Amir, F.; Liles, K. P.; Delawder, A. O.; Colley, N. D.; Palmquist, M. S.; Linder, H. R.; Sell,
S. A.; Barnes, J. C., Reversible Hydrogel Photopatterning: Spatial and Temporal Control
over Gel Mechanical Properties Using Visible Light Photoredox Catalysis. ACS Appl. Mater.
Inter. 2019, 11 (27), 24627-24638.

77

Chapter 4:

Iterative Step-growth

Synthesis and Controlled Degradation of
Unimolecular Polyviologens

This chapter is based on work described in the following publication currently in development:
Abigail O. Delawder, Mark S. Palmquist, Jovelt M. Dorsainvil, Nathan D. Colley, Tiana M. Saak,
Max C. Gruschka, Xuesong Li, Lei Li, Jonathan C. Barnes* In preparation.
J.C.B. conceived the idea, and J.C.B. and A.O.D. designed the experiments. A.O.D., M.S.P.,
J.M.D., T.S. and M.G. synthesized and characterized all compounds and materials. N.D.C.
characterized the polymers via TGA, DSC, and PXRD. A.O.D., X.L., and L.L. performed all
degradation experiments. A.O.D. wrote the manuscript, J.C.B. edited the manuscript, and all
authors contributed to the refinement of the manuscript and supporting information files.

4.1 Abstract
Iterative synthesis, first described by Merrifield in the 1950’s for the synthesis of polypeptides,1-3
has been used to synthesize a wide variety of organic molecules,4-7 oligomers,8-10 and polymers.1114

Typically, production of materials from iterative synthetic approaches are limited in scale or

pose environmental challenges resulting from their inability to degrade or be efficiently recycled.
Herein we describe the advancement in the synthesis of unimolecular viologen-based polymers
using an iterative step-growth addition strategy to produce the longest polyviologen (a 26-mer)
reported to date. Moreover, we describe the facile degradation of oligo- and polyviologens using
a variety of inorganic and organic aqueous bases both in solution and as a (bis)viologen
crosslinker within a hydrogel network. The discovery of the solubility differences between our
viologen-based dimer and growing polymer chains allowed for an accelerated synthesis and
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purification at each synthetic step. Degradation of the 26-mer (26V-Me•52Cl) in 20 mM NaOH
was monitored by gel permeation chromatography (GPC) whereas degradation of a 6-mer (6VMe•12Cl) was followed by 1H NMR spectroscopy, MALDI-TOF, and LC/ESI-MS, revealing the
appearance of a dimer (2V•2PF6).

Further facile degradation studies were performed within a

hydrogel network using a styrenated viologen dimer (2V-Styrene•4Cl) crosslinker. Gels soaked
for 24 h in a 1 M aqueous solution of ethanolamine at 60 °C exhibited the highest degree of
degradation, where a greater than 170-fold decrease in the shear modulus, G, indicating almost
complete degradation of the hydrogel network.

We envision these findings to enable the

production of viologen-based materials on a larger, commercial scale, and their degradation and
recycling under mild conditions.

4.2 Introduction
Typically, polyviologens are synthesized via an uncontrolled step-growth polymerization by
heating mixtures of 4,4ʹ-bipyridine with the linker of choice, thus generating a broad distribution
of molecular weights (Figure 4.1a). Nishide, Oyaizu, and coworkers15 synthesized a linear
oligoviologen in this manner by heating a 1:1 mixture of ditosylated tetraethylene glycol and 4,4ʹbipyridine to yield a product with an average DPn of 5.77 and a dispersity of 1.3. Nour, El Malah,
and coworkers16 synthesized a unique polyviologen tethered by a hydroxyl-substituted aryl
dihydrazide using dynamic covalent imine chemistry, yielding a material with an average DPn of
10.94 and a dispersity of 1.10 (Figure 4.1b).
A few examples have been reported for the synthesis of unimolecular, oligo- and polyviologens
(Ð = 1.0, Figure 4.1c) through an iterative approach. Stoddart and coworkers17 reported the
synthesis of the longest unimolecular polyviologen to date, a dodecamer (n = 10, 12V•24PF6),
capable of folding upon itself through the addition of one electron to each of its viologen units and
subsequent pimerization.

Our group has recently18 capitalized on the radical-radical self79

Figure 4.1: Syntheses of polyviologens. a) Traditional uncontrolled step-growth syntheses of polyviologens typically
involve the heating of a 1:1 mixture of 4,4ʹ-bipyridine and the selected linker (e.g. 1,6-diiodohexane, ditosylated
tetraethylene glycol). b) Iterative step-growth synthesis to yield unimolecular viologens using a xylylene linker.

assembly of viologens through the synthesis of a decamer as a component in a stimuli-responsive
hydrogel. However, we found the synthesis and isolation tedious with 10 synthetic steps to afford
10V•20OTs. Due to the hygroscopic nature of the hexaethylene glycol chain, the samples were
often viscous, low melting solids that were challenging to handle while avoiding ambient moisture
absorption. If moisture is absorbed during the reaction set up, undesired hydrolysis over the
course of the reaction can cause “dead-end” chains that cannot be easily separated.

We

hypothesized that switching the linker from a hydrophilic hexaethylene glycol linker to a
hydrophobic decamethylene linker (increase the hydrophobicity of the chain, less hygroscopic)
would ease the challenges during the synthesis of these unimolecular polymers and could
promote a larger degree of hydrophobic stacking interactions in H2O when reduced to their
monoradical cation oxidation state.
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4.3 Materials, Methods, and Synthetic Details
4.3.1 Synthesis of Unimolecular, Polyviologens
Preparation of dimer, pyridine end-capped: 2V•2PF6

Scheme 4.1: Synthesis of 2V•2PF6

A modified procedure19 was used for the synthesis of 2V•2PF6. 1,10-Dibromodecane (20.0 g,
66.65 mmol, 1 equiv) and 4,4ʹ-bipyridine (104.10 g, 667.00 mmol, 10 equiv) were dissolved in
MeCN (1 L) and heated to reflux at ambient pressure for 24 h. The resulting green/blue solid was
filtered and washed with MeCN to remove remaining starting materials. The solid was dissolved
in H2O (~1 L) and NH4PF6 (excess) was added to precipitate the compound. The solid was filtered,
washed with copious amounts of H2O, and dried overnight to yield 2V•2PF6 as an off-white solid
(43.50 g, 88% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.21 (d, J = 6.7 Hz, 4H); 8.87 (d, J = 6.0
Hz, 4H); 8.62 (d, J = 6.7 Hz, 4H); 8.03 (d, J = 6.1 Hz, 4H); 4.62 (t, J = 7.4 Hz, 4H); 1.96 (m, 4H);
1.29 (m, 12H).13C NMR (125 MHz, (CD3)2SO): δC 152.31, 150.97, 145.23, 140.86, 125.38, 121.87,
60.44, 30.69, 28.75, 28.42, 25.47. MALDI-TOF: calculated for C30H36F12N4P2: m/z = 597.258 [M
– PF6]+; Found: 597.281 [M – PF6]+. Excess 4,4ʹ-bipyridine was recovered by concentration of the
original filtrate and washes, precipitation with H2O, and subsequent recrystallization with H2O.
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Preparation of dimer, decylbromide end-capped: 2V-Br•4PF6

Scheme 4.2: Synthesis of 2V-Br•4PF6

2V•2PF6 (7.50 g, 10.10 mmol, 1 equiv), 1,10-dibromodecane (60.60 g, 202.00 mmol, 20 equiv)
and KPF6 (11.15 g, 60.60 mmol, 6 equiv) were dissolved in MeCN (dry, 125 mL, 60 mg∙mL-1
2V•2PF6) and heated to 130 °C in a 350 mL glass high-pressure vessel while stirring for 15 h.
The reaction vessel was cooled to room temperature and the solution was decanted into eight 50
mL centrifuge tubes and diluted to 50 mL with Et2O. The tubes were centrifuged at 4500 rpm for
2 min. The solution was decanted away, the solid was re-dissolved in a minimal amount of MeCN
and diluted to 50 mL with Et2O.

The previous two steps were repeated three times. Two

counterion exchanges were performed to ensure complete conversion to the PF6 salt: the solid
was dissolved in MeCN, precipitated as the Cl– salt using excess TBACl, washed several times
with MeCN, and dried. The solid was dissolved in H2O, precipitated as the PF6– salt using excess
NH4PF6, washed several times with H2O and dried to yield 2V-Br•4PF6 as an off-white solid (13.94
g, 94% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.37 (t, J = 5.3 Hz, 8H); 8.77 (d, J = 5.7 Hz, 8H);
4.71 – 4.64 (m, 8H); 3.52 (t, J = 6.6 Hz, 4H); 1.98 (m, 8H); 1.84 – 1.74 (m, 4H); 1.45 – 1.20 (m,
36H).13C NMR (125 MHz, (CD3)2SO): δC 148.62, 148.59, 145.69, 126.57, 60.93, 35.21, 32.20,
30.79, 30.72, 28.84, 28.72, 28.66, 28.47, 28.33, 28.03, 27.47, 25.55, 25.40.
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Preparation of hexamer, pyridine end-capped: 6V•10PF6

Scheme 4.3: Synthesis of 6V•10PF6

2V-Br•4PF6 (3.25 g, 2.203 mmol, 1 equiv), 2V•2PF6 (16.36 g, 22.032 mmol, 15 equiv) and KPF6
(4.06 g, 22.032 mmol, 10 equiv) were dissolved in dry MeCN (86.5 mL, 37.5 mg∙mL-1 2V-Br•4PF6)
and heated to 130 °C in a 350 mL glass high-pressure vessel while stirring for 15 h. The reaction
vessel was cooled to room temperature and the solution was decanted into eight 50 mL centrifuge
tubes. Two counterion exchanges were performed to ensure complete conversion to the PF6 salt:
the solid was dissolved in MeCN, precipitated as the Cl– salt using excess TBACl, washed several
times with MeCN, and dried. The solid was dissolved in H2O, precipitated as the PF6– salt using
excess NH4PF6, washed several times with H2O and dried. The solid was re-dissolved in MeCN
(10 mL) and diluted to 50 mL with CH2Cl2 and centrifuged at 4500 rpm for 2 min. The solution
was decanted away. The previous two steps were repeated five times to yield 6V•10PF6 as a
beige solid (6.47g, 95% yield). NMR and TLC analyses were used to confirm complete removal
of excess 2V•2PF6.1H NMR (500 MHz, (CD3)2SO): δH. 9.36 (d, J = 6.3 Hz, 16H); 9.21 (d, J = 6.9
Hz, 4H); 8.88 (dd, J = 4.6, 1.4 Hz, 4H); 8.76 (d, J = 6.5 Hz, 16H); 8.63 (d, J = 6.9 Hz, 4H); 8.04
(dd, J = 4.5, 1.7 Hz, 4H); 4.71 – 4.59 (m, 20H); 2.05 – 1.90 (m, 20H); 1.40 – 1.23 (m, 60H).13C
NMR (125 MHz, (CD3)2SO): δC 150.98, 148.62, 145.69, 145.24, 140.85, 126.56, 125.38, 121.88,
60.95, 30.83, 30.70, 28.88, 28.81, 28.49, 28.46, 25.60, 25.55
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Preparation of hexamer, decylbromide end-capped: 6V-Br•12PF6

Scheme 4.4: Synthesis of 6V-Br•12PF6

6V•10PF6 (13.00 g, 4.20 mmol, 1 equiv), 1,10-dibromodecane (37.80 g, 126.00 mmol, 30 equiv)
and KPF6 (4.64 g, 25.20 mmol, 6 equiv) were dissolved in MeCN (dry, 240 mL, 40 mg∙mL-1
6V•10PF6) and heated to 130 °C in two separate 350 mL glass high-pressure vessels while
stirring for 15 h (large scale required the splitting of materials into two glass high-pressure vessels
for safety reasons). The reaction vessels were cooled to room temperature and the solution was
decanted into sixteen 50 mL centrifuge tubes and diluted to 50 mL with Et2O. The tubes were
centrifuged at 4500 rpm for 2 min. The solution was decanted away, the solid was re-dissolved
in a minimal amount of MeCN and diluted to 50 mL with Et 2O. The previous two steps were
repeated three times. Two counterion exchanges were performed to ensure complete conversion
to the PF6 salt: the solid was dissolved in MeCN, precipitated as the Cl– salt using excess TBACl,
washed several times with MeCN, and dried. The solid was dissolved in H2O, precipitated as the
PF6– salt using excess NH4PF6, washed several times with H2O and dried to yield 6V-Br•12PF6
as a beige solid (12.88 g, 80% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.36 (d, J = 5.0 Hz, 24H);
8.76 (d, J = 5.1 Hz, 24H); 4.74 – 4.60 (m, 24H); 3.52 (t, J = 6.4 Hz, 4H); 2.04 – 1.91 (m, 24H);
1.86 – 1.71 (m, 4H); 1.48 – 1.13 (m, 84H).13C NMR (125 MHz, (CD3)2SO): δC 148.62, 145.70,
126.57, 60.93, 35.22, 32.21, 30.81, 30.72, 28.83, 28.72, 28.66, 28.45, 28.33, 28.03, 27.47, 25.55,
25.40.
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Preparation of decamer, pyridine end-capped: 10V•18PF6

Scheme 4.5: Synthesis of 10V•18PF6

6V-Br•12PF6 (12.00 g, 3.143 mmol, 1 equiv), 2V•2PF6 (46.68 g, 62.86 mmol, 20 equiv) and KPF6
(3.47 g, 18.86 mmol, 6 equiv) were dissolved in MeCN (dry, 240 mL, 50 mg∙mL-1 6V-Br•12PF6)
and heated to 130 °C in a 350 mL glass high-pressure vessel while stirring for 15 h. The reaction
vessel was cooled to room temperature and the solution was decanted into eight 50 mL centrifuge
tubes. Two counterion exchanges were performed to ensure complete conversion to the PF6 salt:
the solid was dissolved in MeCN, precipitated as the Cl– salt using excess TBACl, washed several
times with MeCN, and dried. The solid was dissolved in H2O, precipitated as the PF6– salt using
excess NH4PF6, washed several times with H2O and dried. The solid was re-dissolved in MeCN
(10 mL) and diluted to 50 mL with CH2Cl2 and centrifuged at 4500 rpm for 2 min. The solution
was decanted away. The previous two steps were repeated five times to yield 10V•18PF6 as an
off-white solid (11.09 g, 65% yield). NMR and TLC analyses were used to confirm complete
removal of excess 2V•2PF6. 1H NMR (500 MHz, (CD3)2SO): δH. 9.36 (d, J = 6.4 Hz, 32H); 9.22 (d,
J = 6.7 Hz, 4H); 8.88 (d, J = 5.5 Hz, 4H); 8.76 (d, J = 6.5 Hz, 32H); 8.63 (d, J = 6.7 Hz, 4H); 8.05
(d, J = 6.0 Hz, 4H); 4.74 – 4.57 (m, 36H); 2.06 – 1.88 (m, 36H); 1.44 – 1.18 (m, 108H).13C NMR
(125 MHz, (CD3)2SO): δC 151.00, 148.59, 145.76, 145.27, 126.54, 125.37, 121.87, 60.75, 30.53,
24.96, 24.87.
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Preparation of decamer, decylbromide end-capped: 10V-Br•20PF6

Scheme 4.6: Synthesis of 10V-Br•20PF6

10V•18PF6 (11.00 g, 2.02 mmol, 1 equiv), 1,10-dibromodecane (18.23 g, 60.73 mmol, 30 equiv)
and KPF6 (2.24 g, 12.15 mmol, 6 equiv) were dissolved in MeCN (dry, 220 mL, 50 mg∙mL-1
10V•18PF6) and heated to 130 °C in a two separate 350 mL glass high-pressure vessels while
stirring for 15 h (large scale required the splitting of materials into two glass high-pressure vessels
for safety reasons). The reaction vessels were cooled to room temperature and the solution was
decanted into eight 50 mL centrifuge tubes and diluted to 50 mL with Et2O. The tubes were
centrifuged at 4500 rpm for 2 min. The solution was decanted away, the solid was re-dissolved
in a minimal amount of MeCN and diluted to 50 mL with Et 2O. The previous two steps were
repeated three times. Two counterion exchanges were performed to ensure complete conversion
to the PF6 salt: the solid was dissolved in MeCN, precipitated as the Cl– salt using excess TBACl,
washed several times with MeCN, and dried. The solid was dissolved in H2O, precipitated as the
PF6– salt using excess NH4PF6, washed several times with H2O and dried to yield 10V-Br•20PF6
as an off-white solid (10.93 g, 88% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.36 (d, J = 5.4 Hz,
40H); 8.76 (d, J = 5.4 Hz, 40H); 4.74 – 4.60 (m, 40H); 3.52 (t, J = 6.7 Hz, 4H); 2.04 – 1.91 (m,
40H); 1.83 – 1.74 (m, 4H); 1.42 – 1.22 (m, 132H).13C NMR (125 MHz, (CD3)2SO): δC 148.64,
145.71, 126.58, 60.96, 35.23, 32.22, 30.83, 28.87, 28.74, 28.68, 28.49, 28.35, 28.04, 27.49,
25.59, 25.42
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Preparation of 14-mer, pyridine end-capped: 14V•26PF6

Scheme 4.7: Synthesis of 14V•26PF6

10V-Br•20PF6 (10.00 g, 1.622 mmol, 1 equiv), 2V•2PF6 (24.10 g, 32.44 mmol, 20 equiv) and KPF6
(1.79 g, 9.73 mmol, 6 equiv) were dissolved in MeCN (dry, 200 mL, 40 mg∙mL-1 10V-Br•20PF6)
and heated to 130 °C in two separate 350 mL glass high-pressure vessels while stirring for 15 h
(large scale required the splitting of materials into two glass high-pressure vessels for safety
reasons). The reaction vessels were cooled to room temperature and the solution was decanted
into eight 50 mL centrifuge tubes. Two counterion exchanges were performed to ensure complete
conversion to the PF6 salt: the solid was dissolved in MeCN, precipitated as the Cl– salt using
excess TBACl, washed several times with MeCN, and dried. The solid was dissolved in H2O,
precipitated as the PF6– salt using excess NH4PF6, washed several times with H2O and dried. The
solid was re-dissolved in MeCN (10 mL) and diluted to 50 mL with CH2Cl2 and centrifuged at 4500
rpm for 2 min. The solution was decanted away. The previous two steps were repeated five
times to yield 14V•26PF6 as a light brown solid (12.62 g, 83% yield). NMR and TLC analyses were
used to confirm complete removal of excess 2V•2PF6. 1H NMR (500 MHz, (CD3)2SO): δH. 9.36 (d,
J = 6.7 Hz, 48H); 9.21 (d, J = 6.9 Hz, 4H); 8.87 (d, J = 6.1 Hz, 4H); 8.76 (d, J = 6.7 Hz, 48H); 8.62
(d, J = 6.9 Hz, 4H); 8.03 (dd, J = 4.5, 1.7 Hz, 4H); 4.75 – 4.58 (m, 7.4 Hz, 52H); 2.07 – 1.90 (m,
52H); 1.43 – 1.17 (m, 156H).13C NMR (125 MHz, (CD3)2SO): δC 150.98, 148.64, 145.69, 145.24,
126.57, 125.39, 121.89, 60.96, 30.81, 28.84, 28.47, 25.57.
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Preparation of 14-mer, decylbromide end-capped: 14V-Br•28PF6

Scheme 4.8: Synthesis of 14V-Br•28PF6

14V•26PF6 (3.00 g, 0.386 mmol, 1 equiv), 1,10-dibromodecane (3.47 g, 11.58 mmol, 30 equiv),
and KPF6 (427 mg, 2.32 mmol, 6 equiv) were dissolved in MeCN (dry, 60 mL, 50 mg∙mL-1
14V•26PF6) and heated to 130 °C in a 350 mL glass high-pressure vessel while stirring for 15 h.
After completion of the reaction, the reaction vessel was cooled to room temperature and the
solution was decanted into eight 50 mL centrifuge tubes and diluted to 50 mL with Et2O. The
tubes were centrifuged at 4500 rpm for 2 min. The solution was decanted away, the solid was
re-dissolved in a minimal amount of MeCN and diluted to 50 mL with Et2O. The previous two
steps were repeated three times. Two counterion exchanges were performed to ensure complete
conversion to the PF6 salt: the solid was dissolved in MeCN, precipitated as the Cl– salt using
excess TBACl, washed several times with MeCN, and dried. The solid was dissolved in H2O,
precipitated as the PF6– salt using excess NH4PF6, washed several times with H2O and dried to
yield 14V-Br•28PF6 as a light brown solid (3.02 g, 92% yield). 1H NMR (500 MHz, (CD3)2SO): δH
9.37 (d, J = 5.2 Hz, 56H); 8.76 (d, J = 5.6 Hz, 56H); 4.67 (m, 56H); 3.51 (t, J = 6.5 Hz, 4H); 1.97
(m, 56H); 1.83 – 1.73 (m, 4H); 1.31 (m, 180H).13C NMR (125 MHz, (CD3)2SO): δC 148.61, 148.61,
145.71, 145.71, 126.57, 60.94, 35.24, 32.21, 30.85, 28.90, 28.73, 28.68, 28.51, 28.04, 27.48,
25.62.
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Preparation of 18-mer, pyridine end-capped: 18V•34PF6

Scheme 4.9: Synthesis of 18V•34PF6

14V-Br•28PF6 (2.75 g, 0.323 mmol, 1 equiv), 2V•2PF6 (4.80 g, 6.46 mmol, 20 equiv) and KPF6
(357 mg, 1.94 mmol, 6 equiv) were dissolved in MeCN (dry, 55 mL, 50 mg∙mL-1 14V-Br•28PF6)
and heated to 130 °C in a 100 mL glass high-pressure vessel while stirring for 15 h. The reaction
vessel was cooled to room temperature and the solution was decanted into eight 50 mL centrifuge
tubes. Two counterion exchanges were performed to ensure complete conversion to the PF6 salt:
the solid was dissolved in MeCN, precipitated as the Cl– salt using excess TBACl, washed several
times with MeCN, and dried. The solid was dissolved in H2O, precipitated as the PF6– salt using
excess NH4PF6, washed several times with H2O and dried. The solid was re-dissolved in MeCN
(10 mL) and diluted to 50 mL with CH2Cl2 and centrifuged at 4500 rpm for 2 min. The solution
was decanted away. The previous two steps were repeated five times to yield 18V•34PF6 as a
light brown solid (2.41 g, 74% yield). NMR and TLC analyses were used to confirm complete
removal of excess 2V•2PF6. 1H NMR (500 MHz, (CD3)2SO): δH 9.36 (d, J = 5.3 Hz, 64H), 9.21 (d,
J = 6.2 Hz, 4H), 8.87 (d, J = 4.6 Hz, 4H), 8.76 (d, J = 5.4 Hz, 64H), 8.63 (d, J = 6.1 Hz, 4H), 8.03
(d, J = 5.0 Hz, 4H), 4.82 – 4.48 (m, 68H), 2.09 – 1.86 (m, 68H), 1.48 – 1.15 (m, 204H). 13C NMR
(125 MHz, (CD3)2SO): δC 150.08, 148.62, 145.71, 126.56, 60.95, 30.85, 28.91, 28.52, 25.63.

89

Preparation of 18-mer, decylbromide end-capped: 18V-Br•36PF6

Scheme 4.10: Synthesis of 18V-Br•36PF6

18V•34PF6 (3.00 g, 0.296 mmol, 1 equiv), 1,10-dibromodecane (2.66 g, 8.88 mmol, 30 equiv),
and KPF6 (327 mg, 1.78 mmol, 6 equiv) were dissolved in MeCN (dry, 60 mL, 50 mg∙mL-1
18V•34PF6) and heated to 130 °C in a 100 mL glass high-pressure vessel while stirring for 15 h.
After completion of the reaction, the reaction vessel was cooled to room temperature and the
solution was decanted into six 50 mL centrifuge tubes and diluted to 50 mL with Et2O. The tubes
were centrifuged at 4500 rpm for 2 min. The solution was decanted away, the solid was redissolved in a minimal amount of MeCN and diluted to 50 mL with Et2O. The previous two steps
were repeated three times. Two counterion exchanges were performed to ensure complete
conversion to the PF6 salt: the solid was dissolved in MeCN, precipitated as the Cl– salt using
excess TBACl, washed several times with MeCN, and dried. The solid was dissolved in H2O,
precipitated as the PF6– salt using excess NH4PF6, washed several times with H2O and dried to
yield 18V-Br•36PF6 as a light brown solid (2.48 g, 77% yield). 1H NMR (500 MHz, (CD3)2SO): δH
9.36 (d, J = 4.9 Hz, 72H); 8.76 (d, J = 5.0 Hz, 72H); 4.66 (m, 72H); 3.57 – 3.46 (m, 4H); 1.97 (m,
72H); 1.77 (m, 4H); 1.32 (d, J = 18.7 Hz, 228H).
145.70, 126.56, 60.95, 30.85, 28.91, 28.52, 25.63.
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C NMR (125 MHz, (CD3)2SO): δC 148.61,

13

Preparation of 22-mer, pyridine end-capped: 22V•42PF6

Scheme 4.11: Synthesis of 22V•42PF6

18V-Br•36PF6 (1.50 g, 0.138 mmol, 1 equiv), 2V•2PF6 (2.05 g, 2.764 mmol, 20 equiv) and KPF6
(153 mg, 0.829 mmol, 6 equiv) were dissolved in MeCN (dry, 30 mL, mg∙mL-1 18V-Br•36PF6) and
heated to 130 °C in a 100 mL glass high-pressure vessel while stirring for 15 h. The reaction
vessel was cooled to room temperature and the solution was decanted into two 50 mL centrifuge
tubes. Two counterion exchanges were performed to ensure complete conversion to the PF6 salt:
the solid was dissolved in MeCN, precipitated as the Cl– salt using excess TBACl, washed several
times with MeCN, and dried. The solid was dissolved in H2O, precipitated as the PF6– salt using
excess NH4PF6, washed several times with H2O and dried. The solid was re-dissolved in MeCN
(10 mL) and diluted to 50 mL with CH2Cl2 and centrifuged at 4500 rpm for 2 min. The solution
was decanted away. The previous two steps were repeated five times to yield 22V•42PF6 as a
light brown solid (1.23 g, 71% yield). NMR and TLC analyses were used to confirm complete
removal of excess 2V•2PF6. 1H NMR (500 MHz, (CD3)2SO): δH 9.36 (d, J = 5.4 Hz, 80H), 9.21 (d,
J = 6.1 Hz, 4H), 8.87 (d, J = 4.3 Hz, 4H), 8.76 (d, J = 5.5 Hz, 80H), 8.63 (d, J = 6.0 Hz, 4H), 8.03
(d, J = 4.8 Hz, 4H), 4.77 – 4.56 (m, 84H), 2.08 – 1.88 (m, 84H), 1.46 – 1.18 (m, 252H). 13C NMR
(125 MHz, (CD3)2SO): δC 150.99, 148.63, 145.70, 126.57, 121.89, 60.96, 30.83, 28.87, 28.49,
25.60.
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Preparation of 22-mer, decylbromide end-capped: 22V-Br•44PF6

Scheme 4.12: Synthesis of 22V-Br•44PF6

22V•42PF6 (1.50 g, 0.120 mmol, 1 equiv), 1,10-dibromodecane (1.08 g, 3.609 mmol, 30 equiv),
and KPF6 (133 mg, 0.722 mmol, 6 equiv) were dissolved in MeCN (dry, 30 mL, 50 mg∙mL-1
22V•42PF6) and heated to 130 °C in a 100 mL glass high-pressure vessel while stirring for 15 h.
After completion of the reaction, the reaction vessel was cooled to room temperature and the
solution was decanted into six 50 mL centrifuge tubes and diluted to 50 mL with Et2O. The tubes
were centrifuged at 4500 rpm for 2 min. The solution was decanted away, the solid was redissolved in a minimal amount of MeCN and diluted to 50 mL with Et2O. The previous two steps
were repeated three times. Two counterion exchanges were performed to ensure complete
conversion to the PF6 salt: the solid was dissolved in MeCN, precipitated as the Cl– salt using
excess TBACl, washed several times with MeCN, and dried. The solid was dissolved in H2O,
precipitated as the PF6– salt using excess NH4PF6, washed several times with H2O and dried to
yield 22V-Br•44PF6 as a light brown solid (1.26 g, 80% yield). 1H NMR (500 MHz, (CD3)2SO): δH
9.36 (d, J = 6.0 Hz, 88H), 8.76 (d, J = 6.2 Hz, 88H), 4.75 – 4.55 (m, 88H), 3.52 (t, J = 6.6 Hz, 4H),
2.09 – 1.89 (m, 88H), 1.84 – 1.72 (m, 4H), 1.43 – 1.17 (m, 276H). 13C NMR (125 MHz, (CD3)2SO):
δC 148.61, 148.61, 145.69, 145.69, 126.55, 126.55, 60.94, 60.94, 32.19, 30.83, 28.88, 28.49,
25.61.
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Scheme 4.13: Synthesis of 26V•50PF6

22V-Br•44PF6 (1.26 g, 0.096 mmol, 1 equiv), 2V•2PF6 (2.13 g, 2.871 mmol, 30 equiv) and KPF6
(106 mg, 0.574 mmol, 6 equiv) were dissolved in MeCN (dry, 25 mL, 50 mg∙mL-1 22V-Br•44PF6)
and heated to 130 °C in a 100 mL glass high-pressure vessel while stirring for 15 h. The reaction
vessel was cooled to room temperature and the solution was decanted into four 50 mL centrifuge
tubes and diluted to 50 mL with Et2O. The tubes were centrifuged at 4500 rpm for 2 min. The
solution was decanted away. Two counterion exchanges were performed to ensure complete
conversion to the PF6 salt: the solid was dissolved in MeCN, precipitated as the Cl– salt using
excess TBACl, washed several times with MeCN, and dried. The solid was dissolved in H2O,
precipitated as the PF6– salt using excess NH4PF6, washed several times with H2O and dried. The
solid was re-dissolved in a minimal amount of Me2CO and diluted to 50 mL with CH2Cl2 and
centrifuged at 4500 rpm for 2 min. The solution was decanted away. The previous two steps
were repeated five times to yield 26V•50PF6 as a light brown solid (1.25 g, 88% yield). NMR and
TLC analyses were used to confirm complete removal of excess 2V•2PF6. 1H NMR (500 MHz,
(CD3)2SO): δH 9.36 (d, J = 3.9 Hz, 96H), 9.21 (d, J = 4.7 Hz, 4H), 8.88 (d, J = 2.2 Hz, 4H), 8.76
(d, J = 4.0 Hz, 96H), 8.62 (d, J = 4.7 Hz, 4H), 8.04 (d, J = 2.0 Hz, 4H), 4.73 – 4.60 (m, 100H),
2.03 – 1.92 (m, 100H), 1.42 – 1.23 (m, 300H). 13C NMR (125 MHz, (CD3)2SO): δC 148.62, 145.69,
126.56, 60.96, 30.82, 28.86, 28.48, 25.59.
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Preparation of hexamer, methyl end-capped: 6V-Me•12Cl

Scheme 4.14: Synthesis of 6V-Me•12Cl

6V•10PF6 (175 mg, 0.057 mmol, 1 equiv) and Me3OBF4 (839 mg, 5.670 mmol, 100 equiv) were
dissolved in MeCN (dry, 2.30 mL, 75 mg∙mL-1 6V•10PF6) and stirred for 3 d at room temperature
under N2. The solution was decanted into two 15 mL centrifuge tubes and diluted to 15 mL with
Et2O. The tubes were centrifuged at 4500 rpm for 2 min. The solution was decanted away, the
solid was re-dissolved in a minimal amount of MeCN and diluted to 15 mL with Et2O. The previous
two steps were repeated three times. Three counteranion exchanges were performed to enable
solubility in aqueous solutions: the solid was dissolved in MeCN, precipitated as the Cl– salt using
excess TBACl, washed several times with MeCN, and dried. The solid was dissolved in H2O,
NH4PF6 was added, and the solid was washed several times with H2O. The PF6 salt was
redissolved in MeCN, precipitated as the Cl– using excess TBACl, washed several times with
MeCN, and dried to yield 6V-Me•12Cl as a brown solid (118 mg, 47% yield). 1H NMR (500 MHz,
CD3OD): δH 9.30 (d, J = 6.3 Hz, 20H), 9.20 (d, J = 6.3 Hz, 4H), 8.70 (d, J = 6.0 Hz, 24H), 4.77 (t,
J = 7.5 Hz, 20H), 4.55 (s, 6H), 2.17 – 2.06 (m, 20H), 1.52 – 1.33 (m, 60H).
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C NMR (125 MHz,

CD3OD): δC 151.29, 147.07, 128.31, 128.26, 127.91, 63.28, 32.56, 30.35, 30.07, 27.21.
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Preparation of 26-mer, methyl end-capped: 26V-Me•52Cl

Scheme 4.15: Synthesis of 26V-Me•52PF6

26V•50PF6 (170 mg, 0.012 mmol, 1 equiv) and Me3OBF4 (425 mg, 2.875 mmol, 250 equiv) were
dissolved in MeCN (dry, 2.25 mL, 75 mg∙mL-1 26V•50PF6) and stirred for 3 d at room temperature
under N2. The solution was decanted into two 15 mL centrifuge tubes and diluted to 15 mL with
Et2O. The tubes were centrifuged at 4500 rpm for 2 min. The solution was decanted away, the
solid was re-dissolved in a minimal amount of MeCN and diluted to 15 mL with Et2O. The previous
two steps were repeated three times. Three counteranion exchanges were performed to enable
solubility in aqueous solutions: the solid was dissolved in MeCN, precipitated as the Cl– salt using
excess TBACl, washed several times with MeCN, and dried. The solid was dissolved in H2O,
NH4PF6 was added, and the solid was washed several times with H2O. The PF6 salt was
redissolved in MeCN, precipitated as the Cl– using excess TBACl, washed several times with
MeCN, and dried to yield 26V-Me•52Cl as a brown solid (76 mg, 70% yield). 1H NMR (500 MHz,
CD3OD): δH 9.30 (d, J = 6.6 Hz, 100H); 9.20 (d, J = 6.6 Hz, 4H); 8.71 (d, J = 6.5 Hz, 104H); 4.77
(t, J = 7.6 Hz, 100H); 4.55 (s, 6H); 2.16 – 2.06 (m, 100H); 1.53 – 1.33 (m, 300H). 13C NMR (125
MHz, CD3OD): δC 151.28, 147.08, 128.31, 128.26, 127.91, 63.27, 32.57, 30.36, 30.08, 27.22.
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Preparation of dimer, styrene end-capped: 2V-Styrene•4Cl

Scheme 4.16: Synthesis of 2V-Styrene•4Cl

2V•2PF6 (1.00 g, 1.347 mmol, 1 equiv), 4-vinylbenzyl chloride (6.17 g, 5.69 mL, 40.41 mmol, 30
equiv), and KPF6 (1.49 g, 8.082 mmol, 6 equiv) were dissolved in DMF (dry, 13 mL, 75 mg∙mL-1
2V•2PF6) and heated to 60 °C in a 50 mL screwtop round bottom flask at ambient pressure for 3
days. The reaction vessel was cooled to room temperature and the solution was diluted with 25
mL of MeCN and the resulting solution was decanted into six 50 mL centrifuge tubes and diluted
to 50 mL with Et2O. The tubes were centrifuged at 4500 rpm for 2 min. The solution was decanted
away, the solid was re-dissolved in a minimal amount of MeCN and diluted to 50 mL with Et2O.
The previous two steps were repeated three times. Three counteranion exchanges were
performed to enable solubility in aqueous solutions and to remove excess KPF6: the solid was
dissolved in MeCN, precipitated as the Cl– salt using excess TBACl, washed several times with
MeCN, and dried. The solid was dissolved in H2O and NH4PF6 was added, and the solid was
washed several times with H2O. The PF6 salt was redissolved in MeCN, precipitated as the Cl–
using excess TBACl, washed several times with MeCN, and dried to yield 2V-Styrene•4Cl as a
white solid (644 mg, 58% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.49 (d, J = 6.1 Hz, 4H), 9.34
(d, J = 6.1 Hz, 4H), 8.74 (dd, J = 9.3, 6.7 Hz, 8H), 7.63 – 7.55 (m, 8H), 6.76 (dd, J = 17.6, 11.0
Hz, 2H), 5.92 (s, 4H), 5.91 (d, J = 17.6 Hz, 2H), 5.34 (d, J = 10.9 Hz, 2H), 4.66 (t, J = 6.9 Hz, 4H),
2.04 – 1.90 (m, 4H), 1.30 (m, 12H).

C NMR (125 MHz, CD3OD): δC 149.21, 148.69, 145.67,

13
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145.67, 138.32, 135.75, 133.42, 129.31, 127.08, 126.89, 126.68, 115.84, 63.27, 30.77, 28.83,
28.45, 25.54, 23.04, 19.19.

4.3.2 Fabrication of Viologen-based Hydrogel Networks
A modified procedure19 was used for the synthesis of the hydrogels. The reagents for
polymerization (Tables 4.1-3) were dissolved in 18.00 mL of DMSO and the solution was vortexed
and sonicated to ensure complete dissolution and even mixing. The solution was then plated into
various molds (septa for discs, turtle, starfish, bear, fish). The molds were heated in an oven at
85 °C for 15 min. The cured gels were carefully removed from the gel molds using a spatula and
placed in a solvent-resistant plastic box. The gels were then soaked in H2O for 48 h with periodic
changes in H2O to allow for full swelling and removal of unreacted material.

4.3.3 Degradation of Viologen-based Hydrogel Networks

Table 4.1: Reagent amounts for the fabrication of viologen crosslinked hydrogels (top, left)
Table 4.2: Reagent amounts for the fabrication of bisacrylamide crosslinked hydrogels (top, right)
Table 4.3: Reagent amounts for the fabrication of PEG575 crosslinked hydrogels (bottom)

Hydrogels containing 2V-Styrene•4Cl and a control: Bisacrylamide and PEG Diacrylate
crosslinked hydrogels, were placed in 50 mL of 1 M aqueous bases contained within plastic petri
dishes which were heated to 60 °C, while shaking on a climate-controlled shaker table at 75 rpm.
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The progression of the degradation of the hydrogel networks was monitored qualitatively after 24
h and 7 d. PEG diacrylate crosslinked gels immediately dissolved in the solution indicating
complete degradation of the hydrogel network into its polymer components.
Shear oscillatory rheology was performed on gels containing either 2V-Styrene•4Cl or
bisacrylamide that were soaked in ethanolamine for 24 h. Six gels in total were prepared, swollen
in H2O for 48 h, and 3 gels were placed in 1 M ethanolamine and 3 were kept in MilliQ H2O. After
24 h in base, the gels were removed and transferred to MilliQ H2O for 48 h to remove base to
prevent damage to the rheometer plate. Gʹ and G″ values were taken at 10% strain.

4.4 Results and Discussion
4.4.1 Synthesis and Characterization of Linear, Unimolecular Polyviologens
The linear, unimolecular polyviologens were synthesized via an iterative step-growth
synthesis method that was streamlined from reported18-20 syntheses by our group. Previously,
the synthesis involved the addition of either excess linker, dibromo or ditosylated hexaethylene
glycol, and 4,4ʹ-bipyridine and subsequent purification via a selective precipitation with MeCN and
Et2O/PhMe. The new method eliminates 14 synthetic steps in the synthesis of 26V•50PF6 through
the addition of two viologen units per synthetic cycle versus one with previous methods.
The synthetic cycle began (START, Figure 4.2) with the synthesis of 2V•2PF6 via a
standard pressure reflux reaction of 1 equiv of 1,10-dibromodecane and 10 equiv 4,4ʹ-bipyridine
for 15 h in MeCN (20 g 1,10-dibromodecane in 1 L solvent). 2V•2Br precipitated from the reaction
mixture, which was filtered, washed several times with MeCN, dried, and converted to the PF 6–
salt using aqueous NH4PF6. Due to the ease of synthesis, the scale of the preparation of 2V•2PF6
was restricted only by the size of glassware available where 30 g of 1,10-dibromodecane
produced over 60 g of 2V•2PF6 (see inset of Figure 4.2). Excess 4,4ʹ-bipyridine left after
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Figure. 4.2: Modified iterative step-growth synthesis of unimolecular, polyviologens. This method utilizes a dimer
addition step followed by a selective precipitation which eliminates 14 steps overall to synthesize the 26-mer. The dimer
can be synthesized (c, inset image) on at least a 30 g scale resulting in over 60 g of recovered dimer.

completion of the reaction was recovered and recycled for subsequent reactions by concentrating
the filtrate of the reaction, washing with H2O, filtering, and recrystallization in hot H2O. 1H NMR
characterization of 2V•2PF6 shows only four distinct aromatic proton resonances between 7.75
and 9.25 ppm that correspond to the non-equivalent protons along the pseudoviologen core: a,
b, c, and d (Figure 4.3a).
The cycle continued with the addition of 30 equiv of 1,10-dibromodecane and 6 equiv of
KPF6 in MeCN (dry, 50 mg∙mL-1 2V•2PF6) and the resulting solution was heated in a heavy-walled
glass high-pressure vessel fitted with a Teflon screw cap to 130 °C for 15 h. The compound, 2VBr•4PF6, was purified via selective precipitation using MeCN and Et2O and isolated via
centrifugation in 94% yield. Our group recently discovered that the addition of KPF6 to the reaction
mixture increases solubility during the reaction which promotes quantitative conversion to the
product. However, the conversion of the synthesized Br– salt is partially incomplete, and we found
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Figure 4.3: 1H NMR spectroscopic characterization of the iterative synthetic intermediates to synthesize 26V•50PF6.
For pyridinium end-capped viologens (a, e.g. 6V•10PF6, 10V•18PF6, 14V•26PF6, 18V•34PF6, 22V•42PF6, 26V•50PF6),
six distinct aromatic resonance occur due to symmetric, chemically equivalent alpha (α) and beta (β) protons and
unsymmetric, chemically non-equivalent a, b, c, and d protons. Upon capping viologens with 1,10-dibromodecane (b,
e.g. 2V-Br•4PF6, 6V-Br•12PF6, 10V-Br•20PF6, 14V-Br•28PF6, 18V-Br•36PF6, 22V-Br•44PF6), the NMR signals
collapse into two symmetric chemically equivalent α and β peaks.

that prior to purification, it was necessary to perform several counter anion exchanges (PF 6– salt
to the Cl– salt via tetrabutylammonium chloride (TBACl) and Cl– to PF6– salt with aqueous NH4PF6)
to ensure full solubility in MeCN for the next reaction in the cycle and to ensure complete removal
of excess reagents and salts. All bromo end-capped compounds were synthesized in this fashion
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(2V-Br•4PF6, 6V-Br•12PF6, 10V-Br•20PF6, 14V-Br•28PF6, 18V-Br•36PF6, 22V-Br•44PF6 in 94,
80, 88, 92, 77, and 80% yields, respectively) and were stored at 2–4 °C until the next reaction to
prevent hydrolysis. 1H NMR characterization of bromo end-capped compound shows two
aromatic proton resonances between 8.50 and 9.50 ppm that correspond to the equivalent
protons in the viologen core: alpha (α) and beta (β) (Figure 4.3b). To ensure full conversion, endgroup functionality, purity of each unimolecular species, end-group analysis was performed via
1

H NMR spectroscopy. For the bromo-end capped species in particular, the integration of the

protons adjacent to the bromide (Figure 4.3c, proton 1 around 3.40 ppm) was compared to the α
and β aromatic protons (e.g. for 6V-Br•12PF6, the ratio was 24:4, for 22V-Br•44PF6, the ratio was
88:4) to confirm proper ratios.
The novelty of this work stems from the discovery of the solubility difference between the
longer oligomers and the pseudoviologen used in excess, 2V•2PF6. Typically, viologens as PF6–
salts are soluble in MeCN, Me2CO, DMF, and DMSO and halide salts are soluble in H2O, DMF,
DMSO, and MeOH. However, we found that 2V•2PF6 is soluble in a mixture of ~15% MeCN in
CH2Cl2 and can be removed from a reaction efficiently through selective precipitations. This dimerbased strategy was used in the synthesis of bipyridine end-capped oligo and polyviologens
(6V•10PF6, 10V•18PF6, 14V•26PF6, 18V•34PF6, 22V•42PF6, 26V•50PF6 in 95, 65, 83, 74, 71, and
88% yields, respectively). The hexamer in particular, 6V•10PF6, was synthesized by heating 2VBr•4PF6, 15 equiv of 2V•2PF6, and 6 equiv KPF6 in MeCN (dry, 50 mg∙mL-1 2V-Br•4PF6) in a highpressure vessel at 130 °C for 15 h. The compound was purified by dissolving the compound in
MeCN (5-10 mL in a 50 mL centrifuge tube) and adding CH2Cl2 up to 50 mL and centrifugation.
This purification process was repeated until no 2V•2PF6 was observed via 1H NMR and TLC
(Stoddart’s magic mix,21 7:2:1 MeOH: NH4Cl(aq) (2M): MeNO2, silica gel). As the chain extended
from 6 units to up to 26 units, the purification steps became easier due to the significant difference
in solubility between the growing chains and the excess reagent. For 6V•10PF6, 10V•18PF6, and
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14V•26PF6, 10–20 g of material was produced during each reaction which demonstrates its ability
to be scaled to even larger scales, potentially at an industrial scale. 1H NMR characterization of
pyridine-end capped compounds shows six distinct proton resonances between 7.75 and 9.50
ppm that correspond to the non-equivalent protons along the pseudoviologen core: a, b, c, and d,
and equivalent protons within the inner viologen core: α and β. End-group analysis was also
performed on the pyridine end-capped compounds to ensure full functionality and purity. The
integration of protons a, b, c, and d was compared to the α and β aromatic protons (e.g. for
6V•10PF6, the ratio was 20:4, for 22V•42PF6, the ratio was 80:4) to confirm proper ratios.
The hexamer and 26-mer were removed from the synthetic cycle and end-capped with a
methyl group. One equiv of compound and 100–250 equiv of Me3OBF4 were dissolved in MeCN
(dry, 75 mg∙mL-1 viologen) and the resulting solution was stirred overnight under N2. The solution
was then transferred to a centrifuge tube, topped with Et2O, and centrifuged for 2 min. The
resulting pellet was redissolved in MeCN, precipitated with Et2O, and centrifuged. This purification
process was repeated a total of three times to yield 6V-Me•12Cl in a 47% yield and 26V-Me•52Cl
in a 70% yield. The pellet was dried under vacuum and redissolved in MeCN. A concentrated
solution of TBACl was added to precipitate the compound as a Cl– salt to be used in later aqueousbased degradation studies. No further counter anion exchanges were necessary since the
addition of KPF6 to the reaction mixture was not necessary. End-group analysis of the methyl
groups was used to confirm purity and functionality of the polyviologen.
To test the degradation conditions within a viologen-based hydrogel, we synthesized a
viologen crosslinker 2V-Styrene•4Cl. One equiv of 2V•2PF6, 30 equiv of 4-vinylbenzyl chloride,
and 6 equiv of KPF6 were dissolved in DMF (dry, 75 mg∙mL-1 2V•2PF6) and the solution was
heated to 60 °C for 3 d. Upon completion of the reaction, the solution was diluted with an equal
volume of MeCN, the solution was transferred to centrifuge tubes and topped to 50 mL with Et2O.
The solid was pelleted via centrifugation, redissolved in MeCN, and repelleted with Et 2O and
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centrifugation. This purification process was repeated a total of three times to ensure complete
removal of excess 4-vinylbenzyl chloride. The compound was converted to the Cl– salt using
TBACl, back to the PF6– salt using NH4PF6, and to the Cl– salt to yield 2V-Styrene•4Cl in a 58%
yield. These counter anion exchanges were critical to remove unwanted salts present and
generated during the reaction.

4.4.2 Degradation of Viologen-based Polymers
Upon initial dissolution of the viologen-based polymer into the basic solutions, we noticed an
intense blue or purple color, indicating reduction of the viologen units within the polymer chain.

Figure 4.4: Proposed mechanism for the degradation of viologen-based compounds under reducing conditions.

This observation was corroborated with earlier work by Corwin, Arellano, and Chivvis22 which
hypothesized the mechanism of degradation of viologens in basic conditions (Figure 4.4).
Treatment of 6V-Me•12Cl with 1 M aqueous solutions of organic and inorganic bases (e.g.
benzylamine,

1,8-Diazabicyclo[5.4.0]undec-7-ene

(DBU),

diisopropylamine,

diisopropylethylamine, ethanolamine, ethylenediamine, hexylamine, NaOH, pyridine, tertbutylamine and triethylamine) and upon heating to 60 °C for 24 h and 7 d in the presence of
ambient O2 resulted in noticeable differences in the peak patterns in the 1H NMR spectra (in D2O)
after quenching with HCl and lyophilization. A closer analysis (Figure 4.5) reveals an apparent
trend with nucleophilicity and basicity of the base and extent of degradation. However, the trend
failed for diisopropylethylamine, diisopropylamine, and triethylamine since they were not miscible
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Figure 4.5: 1H NMR spectroscopic characterization of the degradation of 6V-Me•12Cl using organic and inorganic
bases after one day (left) and seven days (right) as compared to the original viologen polymer (top of each spectra
stack).

with H2O.

For weak nucleophilic, strongly basic compounds such as pyridine, DBU,

diisopropylethylamine, and triethylamine, little to no degradation was observed after heating at 60
°C. It is important to note that upon addition of a 1 M solution of pyridine, no color change was
observed and based on the hypothesized mechanism of degradation, this negative degradation
result was expected since the redox reactions did not occur.
For stronger nucleophilic bases such as hexylamine, ethanolamine, ethylenediamine, and
benzylamine, significant degradation was observed evidenced by the apparent disappearance of
parent peaks and appearance of new peaks, even with solubility issues for HA. For the
benzylamine and hexylamine runs, a new peak around 9.80 ppm emerges, suggesting production
of an aldehyde species. After 7 d shaking at 60 °C, samples from benzylamine, ethanolamine,
ethylenediamine, and HA were neutralized by the addition of HCl, extracted with and extracted
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Figure 4.6: Characterization of the degradation of 6V-Me•12Cl. a) 1H NMR spectroscopic characterization (in CDCl3)
of the extraction of day seven samples with CH2Cl2 after the addition of excess NH4PF6. b) 1H NMR and c) LC/MS
characterization of the extraction of the day seven ethanolamine sample showing clear peaks for 2V•2PF6.

with Et2O. An excess of NH4PF6 was added to the resulting aqueous solution which was then
extracted a second time with CH2Cl2 (Figure 4.6a,b). Analysis of the extracts (in CDCl3) via 1H
NMR spectroscopy shows remarkably sharp peaks for the sample degraded via ethanolamine.
Further analysis by LC/ESI-MS and MALDI-TOF (Figure 4.6c) suggests formation of the dimer,
2V•2PF6 which was extracted only when the counter anion was changed to PF6 and did not occur
to a noticeable extent with any other samples.
Additionally, we tested the feasibility of degrading the viologen-based polymers using a much
lower concentration of base for environmental and safety reasons. The longest, unimolecular
polyviologen, 26V-Me•52Cl, was treated with a 20 mM aqueous solution of NaOH, stirred at room
temperature, and aliquots were taken and quenched with HCl periodically over the course of 7 d
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(Figure 4.7). As expected, the gel permeation chromatography (GPC) traces indicate a slow
degradation of the polymer chain over 15 d, indicated by the shift in retention time on the column.

Figure 4.7: Gel permeation chromatography traces from the degradation of 26V-Me•50Cl in 20 mM aqueous NaOH
stirred at 20 °C over 15 days

4.4.3 Fabrication and Degradation of Viologen-based Hydrogel Networks
Hydrogels composed of 0.5 mol% crosslinker were prepared using our 2V-Styrene•4Cl, or either
poly(ethyleneglycol) diacrylate (PEGDA) or N,N'-Methylenebisacrylamide (MBA) as controls
(Tables 4.1-3). These gels were fabricated using 99.3 mol% acrylamide, 0.5 mol% crosslinker,
and 0.2 mol% ammonium persulfate (thermal initiator). All reagents were dissolved in DMSO (500

Figure 4.8: Degradation of viologen- and bisacrylamide-crosslinked, acrylamide-based hydrogels over seven days.
Gels were soaked in 1 M aqueous solutions of benzylamine, DBU, ethanolamine, NaOH, or pyridine. (Top row)
Acrylamide-based hydrogels crosslinked with 2V4-Styrene•4Cl. (Bottom row) Control hydrogels crosslinked with N,NʹMethylenebisacrylamide.
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mg∙mL-1), the solution was plated into the molds and were soaked in MilliQ H2O for 48 h with
periodic solution changes to ensure complete removal of unreacted materials and salts.
Next, the hydrogels were placed in plastic petri dishes containing 1 M solutions of the following
bases: benzylamine, DBU, ethanolamine, NaOH, and pyridine, which were shaken at 60 °C on a
climate-controlled shaker table and monitored over 7 d for signs of degradation (Figure 4.8). A

Figure 4.9: Oscillatory shear rheology at 10 rad∙sec-1 of a series of hydrogels crosslinked with 2V-Styrene•2Cl (top) or
bisacrylamide (bottom) soaked for 24 h in ethanolamine (left) and MilliQ H2O(right).
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noticeable color change from light, transparent yellow to dark, opaque purple/blue occurred for all
gels within the first 10 minutes. After soaking for 24 h and 7 d, the viologen-based hydrogels
retained a distinct orange color and for the gels soaked in benzylamine, DBU, and ethanolamine,
significant changes in physical integrity and size was observed that was not seen within the control
MBA-crosslinked hydrogels, indicating a disruption of the crosslinking of the network structure.
After 7 d of soaking at 60 °C, the hydrogels soaked in benzylamine and ethanolamine had
completely dissolved into the solution, indicating complete destruction of the crosslinks within the
gel network. Gels soaked in NaOH and pyridine exhibited the same color change, however they
did not show a noticeable difference in stiffness or size.
Oscillatory shear rheology was used to corroborate the qualitative results. Bisacrylamide- and
2V-Styrene•4Cl-crosslinked hydrogels were soaked in a 1 M solution of ethanolamine for 24 h,
removed from the solution, and were placed in a separate container with MilliQ H2O which was
periodically changed over the course of 48 h to remove excess base from within the hydrogel
network. Both the Gʹ (storage moduli, Pa) and G″ (loss moduli, Pa) of the 2V-Styrene•4Cl-based
gels (Figure 4.9) decreased leading to an overall G (shear modulus, Pa) value reduction of over
170 fold. However, there was no significant change in the storage and loss moduli for the gels
crosslinked with bisacrylamide and even showed an increase in the shear modulus after soaking
in ethanolamine for 24 h.

4.5 Conclusion
The iterative synthesis of the largest unimolecular, linear polyviologen, 26V-Me•52Cl, and its
degradation under basic conditions in solution and within a hydrogel network was described. This
streamlined synthesis of unimolecular, viologen-based polymers capitalized on the inherent
solubility difference between the growing oligomer and polymer chains compared to the dimer
species, 2V•2PF6 which could be easily separated from the pure compound through selective
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precipitations and washings. Degradation studies on 6V-Me•12Cl were performed using 1 M
solutions of organic and inorganic bases and the samples were analyzed via 1H NMR
spectroscopy, MALDI-TOF, and LC/ESI-MS Degradation of 26V-Me•52Cl using 20 mM NaOH
was tracked using GPC which showed clear evidence for the cleaving of polymer chains
evidenced by the increase in the retention time of each subsequent aliquot. A styrenated dimer,
2V-Styrene•4Cl was prepared and used as a crosslinker for a viologen-based hydrogels network
which were then subjected to 1 M solutions of organic and inorganic bases at 60 °C. Noticeable
changes in the mechanical properties were observed for gels soaked in ethanolamine,
benzylamine, and DBU and this change was quantified by oscillatory shear rheology for the
ethanolamine-soaked gels. Ethanolamine degraded gels showed a over 130-fold decrease in G
(shear modulus) as compared to an almost 2-fold increase for the control gels (bisacrylamide).
We envision this new method for the streamlining the synthesis of unimolecular, viologen
polymers and understanding their degradation could enhance current and future viologen
applications in photomechanical actuators, catalysis, and photochromic devices, and could allow
for the chemical recycling of said materials at their end-of-life.
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5.1 Abstract
The field of chemistry has seen a recent and growing interest in non-natural sequencedefined polymers, but there is still a fundamental question as to what changes can be
observed at the macroscale level as a function of a polymer’s primary sequence. In this
chapter, we describe the precise synthesis of 8 unique polyviologen-based palindromic
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crosslinkers with differing physical and mechanical properties.

We incorporated these

crosslinkers into hydrogel actuators and measured their performance in terms of actuation
kinetics, extent of actuation, swelling ratio, crosslinking density, molecular weight between
crosslinking junctions, and storage and loss moduli. Further investigations are ongoing
completed to corroborate these results.

5.2 Introduction

Nature has perfected the precise synthesis of sequence-defined polymers. Nucleic
acids,1, 2 proteins,3 and other biomolecules utilize a specific sequence of monomers to store
information and allow life to exist. Chemists have long sought to mimic natural processes4-6
by synthesizing polymers of non-natural sequences, but there is still a fundamental question
as to what changes can be observed at the macroscale level as a function of a polymer’s
primary sequence. Even the smallest of alterations at a molecular level in nature (e.g., DNA
mutations)7, 8 can have vastly different effects on the overall system (e.g., tissue damage or
disease in the human body).
Previous strategies to synthesize precisely encoded polymer sequences relied on the
different reactivities of monomer units or gross excess of materials added. 9-23 For example,
free-radical polymerization of styrene and maleic anhydride24 produces a polymer that is
almost completely composed of alternating units. Additionally, chemists have developed
methods that relied on classical protection and deprotection strategies. 17-20, 25, 26 While at
MIT, Prof. Barnes developed a new method for the precise synthesis of stereo-defined,
unimoleular homopolymers and copolymers using an iterative exponential growth (IEG)
strategy that capitalized on the protection and deprotection of alkyne groups and their
subsequent reaction with azide-functionalized compounds.25 This work paved the way to
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other publications from the Johnson group at MIT that determined how controlling the
stereochemistry within the backbone of the polymer sequence (alternating R and S stereocenters,
blocks of R and S, etc.) could dictate unimolecular diblock copolymer assembly,27 a feat that has
not been well studied outside of the biological world. In this chapter, we aimed to investigate

how sequence control at the molecular level within viologen-based polymers with
hydrophobic (H, hexamethylene) and hydrophilic (T, tetraethyleneglycol) linkers impacts the
macroscale properties and performance as a hydrogel actuator with the goal to build new
fundamental knowledge into how polymer sequence at the molecular and synthetic level may
affect the properties and performance of next-generation soft materials.

5.3 Materials and Methods
5.3.1 Synthetic Methods
Preparation of 2V-T•2PF6

Scheme 5.1: Synthesis of 2V-T•2PF6

Dibromotetraethylene glycol (5.0 g, 15.6 mmol, 1 equiv), 4,4ʹ-bipyridine (48.8 g, 312 mmol, 20
equiv), and KPF6 (17.3 g, 93.7 mmol, 6 equiv) were dissolved in MeCN (dry, 100 mL, 50 mg·mL1

dibromotetraethylene glycol) and heated to 130 °C in a 350 mL high pressure vessel while

stirring for 16 h. The reaction vessel was cooled to room temperature and the solution was
decanted into twelve 50 mL centrifuge tubes and diluted to 50 mL with Et2O. The tubes were
centrifuged at 4500 rpm for two minutes. The solution was decanted away, the pellet was redissolved in a minimal amount of MeCN and diluted to 50 mL with Et2O. The previous two steps
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were repeated. The tubes were centrifuged, and the solution was decanted away once more.
The pellets were sonicated in H2O to removed remaining unwanted salts. The H2O was decanted,
and the material was dissolved in a minimal amount of MeCN. The solution was concentrated,
and the resulting material was dried overnight to yield 2V-T•2PF6 as a brown, viscous oil (10.65
g, 89% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.12 (d, J = 7.0 Hz, 4H), 8.87 (dd, J = 4.5, 1.7
Hz, 4H), 8.60 (d, J = 6.9 Hz, 4H), 8.01 (dd, J = 4.5, 1.7 Hz, 4H), 4.83 – 4.77 (m, 4H), 3.95 – 3.89
(m, 4H), 3.52 (dd, J = 5.7, 3.7 Hz, 4H), 3.41 (dd, J = 5.6, 3.7 Hz, 4H).

Preparation of 2V-H•2PF6

Scheme 5.2: Synthesis of 2V-H•2PF6

1,6-Dibromohexane (10.0 g, 41.0 mmol, 1 equiv) and 4,4ʹ-bipyridine (128 g, 82.0 mmol, 20 equiv)
were dissolved in MeCN (500 mL, 20 mg·mL-1 1,6-dibromohexane) and heated to reflux for 24 h.
The resulting yellow solid was filtered and washed with PhMe to remove remaining starting
materials. The solid was dissolved in a minimal amount of H2O and NH4PF6 (20.0 g, 123 mmol,
3 equiv) was added to precipitate the compound. The solid was filtered, washed with copious
amounts of H2O, and dried overnight to yield 2V-H•2PF6 as an off-white solid (26.93 g, 96% yield).
H NMR (500 MHz, (CD3)2SO): δH 9.21 (d, J = 6.8 Hz, 4H), 8.88 (dd, J = 4.5, 1.6 Hz, 4H), 8.64

1

(d, J = 6.8 Hz, 4H), 8.03 (dd, J = 4.6, 1.6 Hz, 4H), 4.62 (t, J = 7.4 Hz, 4H), 2.04 – 1.92 (m, 4H),
1.43 – 1.32 (m, 4H).
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Preparation of 2V-TTT-OMs•4PF6

Scheme 5.3: Synthesis of 2V-TTT-OMs•4PF6

2V-T•2PF6 (1.5 g, 1.97 mmol, 1 equiv), dimesyltetraethylene glycol (20.68 g, 59.0 mmol, 30 equiv),
and KPF6 (2.18 g, 11.8 mmol, 6 equiv) were dissolved in 5% DMF in MeCN (dry, 38 mL, 37.5
mg·mL-1 2V-T•2PF6) and heated to 130 °C in a 100 mL high-pressure vessel while stirring for 24
h. The reaction vessel was cooled to room temperature and the solution was decanted into six
50 mL centrifuge tubes and diluted to 50 mL with Et2O. The tubes were centrifuged at 4500 rpm
for two minutes. The solution was decanted away, the pellet was re-dissolved in a minimal
amount of MeCN and diluted to 50 mL with Et2O. The previous two steps were repeated. The
tubes were centrifuged, and the solution was decanted away once more. The pellets were
sonicated in H2O with excess NH4PF6 to removed remaining unwanted salts and convert to a full
4PF6- salt. The H2O was decanted, and the resulting material was dried overnight to yield 2VTTT-OMs•4PF6 as a brown, viscous oil (2.38 g, 79% yield). 1H NMR (500 MHz, (CD3)2SO): δH
9.30 (dd, J = 9.5, 6.9 Hz, 8H), 8.79 – 8.73 (m, 8H), 4.89 (ddd, J = 13.1, 9.5, 4.8 Hz, 8H), 4.36 –
4.21 (m, 8H), 4.08 – 3.93 (m, 4H), 3.76 – 3.43 (m, 34H).
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Scheme 5.4: Synthesis of 2V-HHH-Br•4PF6

2V-H•2PF6 (2.0 g, 2.91 mmol, 1 equiv), 1,6-dibromohexane (10.35 mL, 87.4 mmol, 30 equiv), and
KPF6 (3.20 g, 17.5 mmol, 6 equiv) were dissolved in 5% DMF in MeCN (dry, 50 mL, 40 mg·mL-1
2V-H•2PF6) and heated to 130 °C in a 100 mL high -vessel while stirring for 16 h. The reaction
vessel was cooled to room temperature and the solution was decanted into six 50 mL centrifuge
tubes and diluted to 50 mL with Et2O. The tubes were centrifuged at 4500 rpm for two minutes.
The solution was decanted away, the pellet was re-dissolved in a minimal amount of MeCN and
diluted to 50 mL with Et2O. The previous two steps were repeated. The tubes were centrifuged,
and the solution was decanted away once more. The pellets were sonicated in H2O with excess
NH4PF6 to removed remaining unwanted salts and convert to a full 4PF6- salt. The H2O was
decanted, and the resulting material was dried overnight to yield 2V-HHH-Br•4PF6 as a pink
powder (3.72 g, 98% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.38 (d, J = 6.5 Hz, 8H), 8.78 (t, J
= 5.5 Hz, 8H), 4.69 (dd, J = 11.9, 6.8 Hz, 8H), 3.54 (t, J = 6.6 Hz, 4H), 1.99 (dd, J = 14.1, 7.3 Hz,
8H), 1.81 (dq, J = 13.3, 6.6 Hz, 4H), 1.51 – 1.31 (m, 12H).
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Scheme 5.5: Synthesis of 2V-THT-OMs•4PF6

2V-H•2PF6 (1 g, 1.46 mmol, 1 equiv), dimesyltetraethylene glycol (15.31 g, 43.7 mmol, 30 equiv),
and KPF6 (1.61 g, 8.76 mmol, 6 equiv) were dissolved in 5% DMF in MeCN (dry, 20 mL, 50
mg·mL-1 2V-H•2PF6) and heated to 130 °C in a 100 mL high-pressure vessel while stirring for 24
h. The reaction vessel was cooled to room temperature and the solution was decanted into four
50 mL centrifuge tubes and diluted to 50 mL with Et2O. The tubes were centrifuged at 4500 rpm
for two minutes. The solution was decanted away, the pellet was re-dissolved in a minimal
amount of MeCN and diluted to 50 mL with Et2O. The previous two steps were repeated. The
tubes were centrifuged, and the solution was decanted away once more. The pellets were
sonicated in H2O with excess NH4PF6 to removed remaining unwanted salts and convert to a full
4PF6- salt. The H2O was decanted, and the resulting material was dried overnight to yield 2VTHT-OMs•4PF6 as a brown, sticky solid (2.98 g, 95% yield). 1H NMR (500 MHz, (CD3)2SO): δH
9.37 (d, J = 6.8 Hz, 4H), 9.32 (d, J = 6.9 Hz, 4H), 8.77 (dd, J = 10.1, 6.9 Hz, 8H), 4.91 – 4.87 (m,
4H), 4.68 (t, J = 7.5 Hz, 4H), 4.01 – 3.95 (m, 4H), 3.70 (t, J = 5.7 Hz, 4H), 3.61 – 3.46 (m, 24H),
2.00 (s, 4H), 1.41 (s, 4H).
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Scheme 5.6: Synthesis of 2V-HTH-Br•4PF6

2V-T•2PF6 (2.0 g, 2.62 mmol, 1 equiv), 1,6-dibromohexane (19.2 g, 78.7 mmol, 30 equiv), and
KPF6 (2.9 g, 15.7 mmol, 6 equiv) were dissolved in 5% DMF in MeCN (dry, 80 mL, 25 mg·mL-1
2V-T•2PF6) and heated to 130 °C in a 350 mL high-pressure vessel while stirring for 16 h. The
reaction vessel was cooled to room temperature and the solution was decanted into ten 50 mL
centrifuge tubes and diluted to 50 mL with Et2O. The tubes were centrifuged at 4500 rpm for two
minutes. The solution was decanted away, the pellet was re-dissolved in a minimal amount of
MeCN and diluted to 50 mL with Et2O. The previous two steps were repeated. The tubes were
centrifuged, and the solution was decanted away once more. The pellets were sonicated in H2O
with excess NH4PF6 to removed remaining unwanted salts and convert to a full 4PF6- salt. The
H2O was decanted, and the material was dissolved in a minimal amount of MeCN. The solution
was concentrated, and the resulting material was dried overnight to yield 2V-HTH-Br•4PF6 as a
dark brown solid (2.85 g, 79% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.37 (d, J = 6.5 Hz, 4H),
9.28 (d, J = 6.5 Hz, 4H), 8.75 (d, J = 6.5 Hz, 8H), 4.86 (d, J = 4.4 Hz, 4H), 4.68 (t, J = 7.4 Hz, 4H),
4.00 – 3.94 (m, 4H), 3.55 (dd, J = 8.8, 4.3 Hz, 4H), 3.49 – 3.43 (m, 4H), 2.00 (dt, J = 14.9, 7.6 Hz,
4H), 1.85 – 1.78 (m, 4H), 1.45 (dd, J = 14.6, 7.3 Hz, 4H), 1.35 (dt, J = 15.0, 7.6 Hz, 4H).
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Scheme 5.7: Synthesis of 6V-TTTTT•10PF6

2V-TTT-OMs•4PF6 (1.36 g, 0.899 mmol, 1 equiv), 2V-T•2PF6(10.28 g, 13.5 mmol, 15 equiv) and
KPF6 (0.993 g, 5.40 mmol, 6 equiv) were dissolved in 5% DMF in MeCN (dry, 55 mL, 25 mg·mL1

2V-TTT-OMs•4PF6) and heated to 130 °C in a 100 mL high-pressure vessel while stirring for 24

h. The reaction vessel was cooled to room temperature, and the reaction mixture was split
between two 50 mL centrifuge tubes and precipitated with a saturated solution of
tetrabutylammonium chloride in MeCN. The tubes were centrifuged at 4500 rpm for 5 min and the
solution was decanted away. Tubes were lyophilized overnight. The resulting chloride salt was
dissolved in H2O and precipitated with excess NH4PF6 to ensure full ion conversion. The tubes
were centrifuged at 4500 rpm for 5 min and the solution was decanted away. Tubes were
lyophilized overnight. The resulting PF6 salt was dissolved to 10 mL MeCN, precipitated to 50 mL
with CH2Cl2, and centrifuged at 4500 rpm for 5 min and the solution was decanted away. The
MeCN/CH2Cl2 washes were repeated for a total of five times. After drying, 6V-TTTTT•10PF6 was
yielded as a dark brown, viscous oil (2.53 g, 88% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.39
– 9.27 (m, 16H), 9.17 (d, J = 5.9 Hz, 4H), 8.92 (d, J = 5.0 Hz, 4H), 8.78 (d, J = 5.1 Hz, 16H), 8.65
(d, J = 6.6 Hz, 4H), 8.11 (d, J = 5.0 Hz, 4H), 4.95 – 4.76 (m, 20H), 3.97 (d, J = 16.7 Hz, 20H),
3.67 – 3.34 (m, 40H).
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Scheme 5.8: Synthesis of 6V-HHHHH•10PF6

2V-HHH-Br•4PF6 (2.00 g, 1.53 mmol, 1 equiv), 2V-H•2PF6 (10.5 g, 15.3 mmol, 10 equiv) and KPF6
(1.69 g, 9.20 mmol, 6 equiv) were dissolved in 5% DMF in MeCN (dry, 40 mL, 50 mg·mL-1 2VHHH-Br•4PF6) and heated to 130 °C in a 100 mL high-pressure vessel while stirring for 16 h. The
reaction vessel was cooled to room temperature and the solution was decanted into four 50 mL
centrifuge tubes and diluted to 50 mL with Et2O. The tubes were centrifuged at 4500 rpm for 2
min. The solution was decanted away, and the tubes were filled to 50 mL with a solution of
NH4PF6 in H2O, vortexed and sonicated to ensure conversion of counteranions to PF6–. Solid was
filtered and washed with H2O thoroughly to wash away all excess salts. The solid was then
dissolved into MeCN and transferred to 50 mL centrifuge tubes. CH2Cl2 was added to the tubes
to yield a 40% MeCN / 60% CH2Cl2 mixture. The mix was centrifuged at 4500 rpm for 2 min. The
supernatant was decanted away and the solid was rewashed in the MeCN / CH2Cl2 mixture. Wash
and centrifuge steps were repeated three times. The product was filtered, dried with Et2O to yield
6V-HHHHH•10PF6 as a beige solid (4.05 g, 94% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.35
(m, 16H); 9.22 (d, J = 6.3 Hz, 4H); 8.91 (d, J = 5.3 Hz, 4H); 8.76 (m, 16H); 8.65 (d, J = 6.3 Hz,
4H); 8.09 (d, J = 5.2 Hz, 4H); 4.65 (m, 20H); 2.00 (m, 20H); 1.41 (m, 20H).
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C NMR (125 MHz,

(CD3)2SO): δC 150.29, 148.62, 145.72, 145.28, 126.52, 125.48, 122.21, 60.80, 60.33, 30.53,
24.99.
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Scheme 5.9: Synthesis of 6V-THTHT•10PF6

2V-HTH-Br•4PF6 (1.387 g, 1.00 mmol, 1 equiv), 2V-T•2PF6 (15.00 g, 20 mmol, 20.0 equiv) and
KPF6 (1.104 g, 6.00 mmol, 6 equiv) were dissolved in 5% DMF in MeCN (dry, 52.5 mL, 25 mg·mL1

2V-HTH-Br•4PF6) and heated to 130 °C in a 100 mL high-pressure vessel while stirring for 16

h. The reaction vessel was cooled to room temperature, and the reaction mixture was split
between two 50 mL centrifuge tubes and precipitated with a saturated solution of
tetrabutylammonium chloride in MeCN. The tubes were centrifuged at 4500 rpm for 5 min and the
solution was decanted away. Tubes were lyophilized overnight. The resulting chloride salt was
dissolved in H2O and precipitated with excess NH4PF6 to ensure full ion conversion. The tubes
were centrifuged at 4500 rpm for 5 min and the solution was decanted away. Tubes were
lyophilized overnight. The resulting PF6 salt was dissolved to 10 mL MeCN, precipitated to 50 mL
with CH2Cl2, and centrifuged at 4500 rpm for 5 min and the solution was decanted away. The
MeCN/CH2Cl2 washes were repeated for a total of five times. After drying, 6V-THTHT•10PF6
yielded as a dark brown solid (1.499 g, 49%).1H NMR (500 MHz, (CD3)2SO): δH 9.40 – 9.34 (m,
8H), 9.30 (dd, J = 11.9, 6.8 Hz, 8H), 9.15 (d, J = 6.9 Hz, 4H), 8.88 (dd, J = 4.5, 1.6 Hz, 4H), 8.83
– 8.72 (m, 16H), 8.64 (d, J = 6.9 Hz, 4H), 8.03 (dd, J = 4.5, 1.7 Hz, 4H), 4.90 – 4.84 (m, 8H), 4.84
– 4.80 (m, 4H), 4.71 – 4.65 (m, 8H), 3.99 (s, 4H), 3.97 – 3.92 (m, 8H), 3.54 (ddt, J = 15.2, 9.4, 4.3
Hz, 16H), 3.48 – 3.41 (m, 8H), 2.06 – 1.97 (m, 8H), 1.47 – 1.41 (m, 8H).
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Scheme 5.10: Synthesis of 6V-HTHTH•10PF6

2V-THT-OMs•4PF6 (500 mg, 0.348 mmol, 1 equiv), 2V-H•2PF6 (6.81 g, 5.22 mmol, 15 equiv) and
KPF6 (385 mg, 2.09 mmol, 6 equiv) were dissolved in 5% DMF in MeCN (dry, 21 mL total, ~25
mg·mL-1 2V-THT-OMs•4PF6) and heated to 130 ºC in a 100 mL high-pressure vessel while stirring
for 24 h. The reaction vessel was cooled to room temperature, and the reaction mixture was split
between two 50 mL centrifuge tubes and precipitated with a saturated solution of
tetrabutylammonium chloride in MeCN. The tubes were centrifuged at 4500 rpm for 5 min and the
solution was decanted away. Tubes were lyophilized overnight. The resulting chloride salt was
dissolved in H2O and precipitated with excess NH4PF6 to ensure full ion conversion. The tubes
were centrifuged at 4500 rpm for 5 min and the solution was decanted away. Tubes were
lyophilized overnight. The resulting PF6 salt was dissolved to 10 mL MeCN, precipitated to 50 mL
with CH2Cl2, and centrifuged at 4500 rpm for 5 min and the solution was decanted away. The
MeCN/CH2Cl2 washes were repeated for a total of five times. After drying, 6V-HTHTH•10PF6
yielded as a dark brown solid. (550 mg, 53%). 1H NMR (500 MHz, (CD3)2SO): δH 9.40 – 9.34 (m,
12H), 9.31 (t, J = 6.3 Hz, 4H), 9.22 (d, J = 6.8 Hz, 4H), 8.89 (dd, J = 4.6, 1.6 Hz, 4H), 8.80 – 8.73
(m, 16H), 8.65 (d, J = 6.8 Hz, 4H), 8.04 (dd, J = 4.6, 1.6 Hz, 4H), 4.94 – 4.79 (m, 4H), 4.76 – 4.58
(m, 16H), 4.06 – 3.91 (m, 4H), 3.65 – 3.42 (m, 20H), 2.11 – 1.91 (m, 12H), 1.49 – 1.32 (m, 12H).
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Scheme 5.11: Synthesis of 6V-HTTTH•10PF6

2V-TTT-OMs•4PF6 (0.574 g, 0.379 mmol, 1 equiv), 2V-H•2PF6 (3.91 g, 5.69 mmol, 15 equiv) and
KPF6 (0.419 g, 2.27 mmol, 6 equiv) were dissolved in 5% DMF in MeCN (dry, 23 mL, 25 mg·mL1

2V-TTT-OMs•4PF6) and heated to 130 °C in a 100 mL high-pressure vessel while stirring for 24

h. The reaction vessel was cooled to room temperature, and the reaction mixture was split
between two 50 mL centrifuge tubes and precipitated with a saturated solution of
tetrabutylammonium chloride in MeCN. The tubes were centrifuged at 4500 rpm for 5 min and the
solution was decanted away. Tubes were lyophilized overnight. The resulting chloride salt was
dissolved in H2O and precipitated with excess NH4PF6 to ensure full ion conversion. The tubes
were centrifuged at 4500 rpm for 5 min and the solution was decanted away. Tubes were
lyophilized overnight. The resulting PF6 salt was dissolved to 10 mL MeCN, precipitated to 50 mL
with CH2Cl2, and centrifuged at 4500 rpm for 5 min and the solution was decanted away. The
MeCN/CH2Cl2 washes were repeated for a total of five times. After drying, 6V-HTTTH•10PF6
yielded as a dark brown solid (0.576 mg, 50% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.40 –
9.34 (m, 8H), 9.33 – 9.28 (m, 8H), 9.23 (d, J = 5.2 Hz, 4H), 8.91 (d, J = 3.2 Hz, 4H), 8.83 – 8.70
(m, 16H), 8.65 (d, J = 5.2 Hz, 4H), 8.09 (d, J = 3.0 Hz, 4H), 5.04 – 4.77 (m, J = 65.4 Hz, 8H), 4.76
– 4.56 (m, 12H), 4.16 – 3.80 (m, 20H), 3.53 (d, J = 45.1 Hz, 8H), 2.10 – 1.88 (m, 12H), 1.54 –
1.28 (m, 12H).
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Scheme 5.12: Synthesis of 6V-THHHT•10PF6

2V-HHH-Br•4PF6 (1.632 g, 1.25 mmol, 1 equiv), 2V-T•2PF6 (19.08 g, 25.0 mmol, 20 equiv) and
KPF6 (1.381 g, 7.5 mmol, 6 equiv) were dissolved in 5% DMF in MeCN (dry, 73.5 mL, 25 mg·mL1

2V-HHH-Br•4PF6) and heated to 130 °C in a 100 mL high-pressure vessel while stirring for 16

h. The reaction vessel was cooled to room temperature, and the reaction mixture was split
between two 50 mL centrifuge tubes and precipitated with a saturated solution of
tetrabutylammonium chloride in MeCN. The tubes were centrifuged at 4500 rpm for 5 min and the
solution was decanted away. Tubes were lyophilized overnight. The resulting chloride salt was
dissolved in H2O and precipitated with excess NH4PF6 to ensure full ion conversion. The tubes
were centrifuged at 4500 rpm for 5 min and the solution was decanted away. Tubes were
lyophilized overnight. The resulting PF6 salt was dissolved to 10 mL MeCN, precipitated to 50 mL
with CH2Cl2, and centrifuged at 4500 rpm for 5 min and the solution was decanted away. The
MeCN/CH2Cl2 washes were repeated for a total of five times. After drying, 6V-THHHT•10PF6
yielded as a light brown solid (2.60 g, 70%). 1H NMR (500 MHz, (CD3)2SO): δH 9.37 (dd, J = 6.7,
2.9 Hz, 12H), 9.28 (d, J = 7.0 Hz, 4H), 9.15 (d, J = 7.0 Hz, 4H), 8.88 (dd, J = 4.5, 1.7 Hz, 4H),
8.80 – 8.73 (m, 16H), 8.63 (d, J = 7.0 Hz, 4H), 8.03 (dd, J = 4.5, 1.7 Hz, 4H), 4.87 – 4.84 (m, 4H),
4.84 – 4.80 (m, 4H), 4.71 – 4.66 (m, 12H), 3.97 – 3.91 (m, 8H), 3.54 (ddd, J = 13.4, 5.8, 3.8 Hz,
8H), 3.47 – 3.40 (m, 8H), 2.07 – 1.94 (m, 12H), 1.49 – 1.38 (m, 12H).
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Scheme 5.13: Synthesis of 6V-HHTHH•10PF6

2V-HTH-Br•4PF6 (1 g, 1.48 mmol, 1 equiv), 2V-H•4PF6 (9.95 g, 29.0 mmol, 20 equiv) and KPF6
(815 mg, 8.88 mmol, 6 equiv) were dissolved in 5% DMF in MeCN (dry, 42 mL, 25 mg·mL-1 2VHTH-Br•4PF6) and heated to 130 °C in a 100 mL high-pressure vessel while stirring for 16 h. The
reaction vessel was cooled to room temperature, and the reaction mixture was split between two
50 mL centrifuge tubes and precipitated with a saturated solution of tetrabutylammonium chloride
in MeCN. The tubes were centrifuged at 4500 rpm for 5 min and the solution was decanted away.
Tubes were lyophilized overnight. The resulting chloride salt was dissolved in H2O and
precipitated with excess NH4PF6 to ensure full ion conversion. The tubes were centrifuged at 4500
rpm for 5 min and the solution was decanted away. Tubes were lyophilized overnight. The
resulting PF6 salt was dissolved to 10 mL MeCN, precipitated to 50 mL with CH2Cl2, and
centrifuged at 4500 rpm for 5 min and the solution was decanted away. The MeCN/CH2Cl2 washes
were repeated for a total of five times. After drying, 6V-HHTHH•10PF6 yielded as a light-yellow
solid (934 mg, 22%). 1H NMR (500 MHz, (CD3)2SO): δH 9.37 (s, 12H), 9.30 (d, J = 6.5 Hz, 4H),
9.22 (d, J = 6.7 Hz, 4H), 8.90 (d, J = 5.3 Hz, 4H), 8.77 (d, J = 6.1 Hz, 16H), 8.65 (d, J = 6.7 Hz,
4H), 8.07 (d, J = 4.5 Hz, 4H), 4.88 (s, 4H), 4.73 – 4.60 (m, 16H), 3.98 (s, 4H), 3.67 – 3.41 (m, 8H),
2.05 – 1.93 (m, 16H), 1.47 – 1.33 (m, 16H).
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Scheme 5.14: Synthesis of 6V-TTHTT•10PF6

2V-THT-OMs•4PF6 (1 g, 0.696 mmol, 1 equiv), 2V-T•2PF6 (7.96 g, 10.4 mmol, 15 equiv) and
KPF6 (0.769 g, 4.18 mmol, 6 equiv) were dissolved in 5% DMF in MeCN (dry, 40 mL, 25mg·mL-1
2V-THT-OMs•4PF6) and heated to 130 °C in a 100 mL high-pressure vessel while stirring for 24
h. The reaction vessel was cooled to room temperature, and the reaction mixture was split
between two 50 mL centrifuge tubes and precipitated with a saturated solution of
tetrabutylammonium chloride in MeCN. The tubes were centrifuged at 4500 rpm for 5 min and the
solution was decanted away. Tubes were lyophilized overnight. The resulting chloride salt was
dissolved in diH2O and precipitated with excess NH4PF6 to ensure full ion conversion. The tubes
were centrifuged at 4500 rpm for 5 min and the solution was decanted away. Tubes were
lyophilized overnight. The resulting PF6 salt was dissolved to 10 mL MeCN, precipitated to 50 mL
with CH2Cl2, and centrifuged at 4500 rpm for 5 min and the solution was decanted away. The
MeCN/CH2Cl2 washes were repeated for a total of five times. After drying, 6V-TTHTT•10PF6
yielded as a dark brown solid (0.872 g, 40% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.42 – 9.36
(m, 4H), 9.35 – 9.26 (m, 12H), 9.16 (d, J = 5.6 Hz, 4H), 8.88 (d, J = 5.1 Hz, 4H), 8.80 – 8.72 (m,
16H), 8.64 (d, J = 5.9 Hz, 4H), 8.04 (d, J = 4.9 Hz, 4H), 4.94 – 4.79 (m, 16H), 4.74 – 4.65 (m, 4H),
4.05 – 3.91 (m, 16H), 3.62 – 3.38 (m, 32H), 2.09 – 1.96 (m, 4H), 1.50 – 1.38 (m, 4H).
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Scheme 5.15: Synthesis of 6V-STTTTTS•12PF6

6V-TTTTT•10PF6 (2.40 g, 0.757 mmol, 1 equiv), 4-vinylbenzyl chloride (5.31 mL, 37.7 mmol, 50
equiv), and KPF6 (0.833 g, 4.52 mmol, 6 equiv) were dissolved in DMF (dry, 70 mL, 35 mg·mL-1
6V-TTTTT•10PF6) and heated to 60 °C for 72 h. The reaction vessel was cooled to room
temperature and the solution was transferred into four 50 mL centrifuge tubes and diluted to 50
mL with Et2O. The tubes were centrifuged at 4500 rpm for 5 min and the solution was decanted
away. The previous two steps were repeated three times. The product was sonicated in H2O to
remove the remaining unwanted salts and dried to yield 6V-STTTTTS•12PF6 as a dark brown
solid (2.06 g, 74% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.50 (d, J = 6.2 Hz, 4H), 9.36 – 9.26
(m, 20H), 8.81 – 8.71 (m, 24H), 7.59 (q, J = 8.2 Hz, 8H), 6.75 (dd, J = 17.6, 11.0 Hz, 2H), 5.93 (s,
4H), 5.91 (d, J = 21.5 Hz, 2H), 5.33 (d, J = 10.9 Hz, 2H), 4.93 – 4.82 (m, 20H), 3.98 (s, 20H), 3.57
(s, 20H), 3.47 (s, 20H).

Preparation of 6V-SHHHHHS•12PF6

Scheme 5.16: Synthesis of 6V-SHHHHHS•12PF6

6V-HHHHH•10PF6 (4 g, 1.43 mmol, 1 equiv), 4-vinylbenzyl chloride (10.87 g, 10.0 mL, 71.24
mmol, 50 equiv), and KPF6 (1.57 g, 8.55 mmol, 6 equiv) were dissolved in DMF (dry, 80 mL, 50
mg·mL-1 6V-HHHHH•10PF6) and heated to 60 °C for 72 h. The reaction vessel was cooled to
room temperature and the solution was transferred into twelve 50 mL centrifuge tubes and diluted
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to 50 mL with Et2O. The tubes were centrifuged at 4500 rpm for 5 min and the solution was
decanted away. The previous two steps were repeated three times. The product was sonicated
in H2O to remove the remaining unwanted salts and dried to yield 6V-SHHHHHS•12PF6 as a
yellow solid (4.09 g, 86% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.50 (d, J = 6.8 Hz, 4H); 9.37
(m, 20H); 8.76 (m, 24H); 7.59 (m, 8H); 6.76 (dd, J = 17.7, 11.0 Hz, 2H); 5.93 (s, 4H); 5.91 (d, J =
18.5 Hz, 2H); 5.34 (d, J = 10.9 Hz, 2H); 4.68 (m, 20H); 2.01 (m, 20 H); 1.42 (m, 20H).
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C NMR

(125 MHz, (CD3)2SO): δC 149.18, 148.63, 145.75, 138.34, 135.77, 133.45, 129.33, 127.09,
126.91, 126.68, 126.55, 115.87, 60.82, 30.55, 25.01.

Preparation of 6V-STHTHTS•12PF6

Scheme 5.17: Synthesis of 6V-STHTHTS•12PF6

6V-THTHT•10PF6 (815 mg, 0.269 mmol, 1 equiv), 4-vinylbenzyl chloride (2.05 g, 1.89 mL, 13.4
mmol, 50 equiv), and KPF6 (300 mg, 1.61 mmol, 6 equiv) were dissolved in DMF (dry, 17 mL, 50
mg·mL-1 6V-THTHT•10PF6) and heated to 60 °C for 72 h. The reaction vessel was cooled to room
temperature and the solution was transferred into two 50 mL centrifuge tubes and diluted to 50
mL with Et2O. The tubes were centrifuged at 4500 rpm for 5 min and the solution was decanted
away. The previous two steps were repeated three times. The product was sonicated in H2O to
remove the remaining unwanted salts and dried to yield 6V-STHTHTS•12PF6 as a dark brown
solid (848 mg, 89% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.50 (d, J = 6.7 Hz, 4H), 9.37 (d, J
= 5.9 Hz, 8H), 9.29 (dd, J = 13.2, 6.6 Hz, 12H), 8.82 – 8.70 (m, 24H), 7.61 – 7.56 (m, 8H), 6.75
(dd, J = 17.7, 11.0 Hz, 2H), 5.93 (s, 4H), 5.91 (d, J = 21.5 Hz, 2H), 5.34 (d, J = 11.1 Hz, 2H), 4.91
– 4.80 (m, 12H), 4.73 – 4.63 (m, 8H), 4.03 – 3.91 (m, 12H), 3.62 – 3.53 (m, 12H), 3.53 – 3.42 (m,
12H), 2.07 – 1.97 (m, 8H), 1.48 – 1.38 (m, 8H).
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Preparation of 6V-SHTHTHS•12PF6

Scheme 5.18: Synthesis of 6V-SHTHTHS•12PF6

6V-HTHTH•10PF6 (0.54 g, 0.181 mmol, 1 equiv), 4-vinylbenzyl chloride (1.28 mL, 9.06 mmol. 50
equiv), and KPF6 (0.2 g, 1.09 mmol, 6 equiv) were dissolved in DMF (dry, 14 mL, 50 mg·mL-1 6VHTHTH•10PF6) and heated to 60 °C for 72 h. The reaction vessel was cooled to room temperature
and the solution was transferred into two 50 mL centrifuge tubes and diluted to 50 mL with Et 2O.
The tubes were centrifuged at 4500 rpm for 5 min and the solution was decanted away. The
previous two steps were repeated three times. The product was sonicated in H2O to remove the
remaining unwanted salts and dried to yield 6V-SHTHTHS•12PF6 as a dark brown solid (0.484 g,
82% yield).

H NMR (500 MHz, (CD3)2SO): δH 9.50 (d, J = 5.7 Hz, 4H), 9.43 – 9.28 (m, 20H),

1

8.89 – 8.67 (m, 24H), 7.59 (s, 8H), 6.76 (dd, J = 17.5, 11.0 Hz, 2H), 5.91 (d, J = 16.7 Hz, 4H),
5.91 (d, J = 22.4 Hz, 2H), 5.34 (d, J = 10.9 Hz, 2H), 4.95 – 4.81 (m, 8H), 4.77 – 4.61 (m, 12H),
4.03 – 3.92 (m, 8H), 3.62 – 3.54 (m, 4H), 3.54 – 3.45 (m, 4H), 2.11 – 1.93 (m, 16H), 1.54 – 1.32
(m, 16H).
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Preparation of 6V-SHTTTHS•12PF6

Scheme 5.19: Synthesis of 6V-SHTTTHS•12PF6

6V-HTTTH•10PF6 (405 mg, 0.133 mmol, 1 equiv), 4-vinylbenzyl chloride (1.014 g, 0.937 mL, 6.65
mmol, 50 equiv), and KPF6 (147 mg, 0.798 mmol, 6 equiv) were dissolved in DMF (dry, 11 mL,
37.5 mg·mL-1 6V-HTTTH•10PF6) and heated to 60 °C for 72 h. The reaction vessel was cooled to
room temperature and the solution was transferred into one 50 mL centrifuge tube and diluted to
50 mL with Et2O. The tubes were centrifuged at 4500 rpm for 5 min and the solution was decanted
away. The previous two steps were repeated three times. The product was sonicated in H2O to
remove the remaining unwanted salts and dried to yield 6V-SHTTTHS •12PF6 as a dark brown
solid (432 mg, 91% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.49 (d, J = 6.5 Hz, 4H), 9.40 – 9.27
(m, 20H), 8.80 – 8.69 (m, 24H), 7.58 (s, 8H), 6.75 (dd, J = 17.7, 11.0 Hz, 2H), 5.92 (s, 4H), 5.90
(d, J = 20.7 Hz, 2H), 5.33 (d, J = 10.9 Hz, 2H), 4.94 – 4.81 (m, 12H), 4.70 – 4.63 (m, 8H), 4.04 –
3.90 (m, 12H), 3.61 – 3.53 (m, 12H), 3.53 – 3.43 (m, 12H), 2.03 – 1.96 (m, 8H), 1.44 – 1.37 (m,
8H).

Preparation of 6V-STHHHTS•12PF6

Scheme 5.20: Synthesis of 6V-STHHHTS•12PF6

6V-THHHT•10PF6 (2.453 mg, 0.827 mmol, 1 equiv), 4-vinylbenzyl chloride (6.63 g, 6.12 mL, 43.4
mmol, 50 equiv), and KPF6 (960 mg, 5.21 mmol, 6 equiv) were dissolved in DMF (dry, 70 mL, 35
131

mg·mL-1 6V-THHHT•10PF6) and heated to 60 °C for 72 h. The reaction vessel was cooled to room
temperature and the solution was transferred into eight 50 mL centrifuge tubes and diluted to 50
mL with Et2O. The tubes were centrifuged at 4500 rpm for 5 min and the solution was decanted
away. The previous two steps were repeated three times. The product was sonicated in H2O to
remove the remaining unwanted salts and dried to yield 6V-STHHHTS•12PF6 as a light brown
solid (2.516 g, 89% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.50 (d, J = 6.8 Hz, 4H), 9.37 (d, J
= 6.4 Hz, 12H), 9.29 (t, J = 6.8 Hz, 8H), 8.81 – 8.71 (m, 24H), 7.63 – 7.54 (m, 8H), 6.76 (dd, J =
17.7, 11.0 Hz, 2H), 5.93 (s, 4H), 5.90 (d, J = 17.8 Hz, 2H), 5.34 (d, J = 10.9 Hz, 2H), 4.93 – 4.76
(m, 8H), 4.69 (t, J = 7.3 Hz, 12H), 4.07 – 3.90 (m, 8H), 3.62 – 3.47 (m, 8H), 3.51 – 3.44 (m, 8H),
2.11 – 1.93 (m, 12H), 1.52 – 1.32 (m, J = 58.1 Hz, 12H)
Preparation of 6V-SHHTHHS•12PF6

Scheme 5.21: Synthesis of 6V-SHHTHHS•12PF6

6V-HHTHH•10PF6 (873 mg, 0.303 mmol, 1 equiv), 4-vinylbenzyl chloride (2.31 g, 2.13 mL, 15.1
mmol, 50 equiv), and KPF6 (330 mg, 1.82 mmol, 6 equiv) were dissolved in DMF (dry, 18 mL, 50
mg·mL-1 6V-HHTHH•10PF6) and heated to 60 °C for 72 h. The reaction vessel was cooled to room
temperature and the solution was transferred into two 50 mL centrifuge tubes and diluted to 50
mL with Et2O. The tubes were centrifuged at 4500 rpm for 5 min and the solution was decanted
away. The previous two steps were repeated three times. The solid was sonicated in H2O to
remove the remaining unwanted salts and dried to yield 6V-SHHTHHS•12PF6 as a light-yellow
solid (824 mg, 80% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.50 (d, J = 7.0 Hz, 4H), 9.41 – 9.33
(m, 16H), 9.31 (d, J = 6.9 Hz, 4H), 8.82 – 8.72 (m, 24H), 7.61 – 7.56 (m, 8H), 6.76 (dd, J = 17.7,
11.0 Hz, 2H), 5.93 (s, 4H), 5.90 (d, J = 18.4 Hz, 2H), 5.34 (d, J = 11.0 Hz, 2H), 4.91 – 4.84 (m,
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4H), 4.74 – 4.61 (m, 16H), 4.03 – 3.95 (m, 4H), 3.60 – 3.55 (m, 4H), 3.52 – 3.46 (m, 4H), 2.07 –
1.95 (m, 16H), 1.49 – 1.38 (m, 16H).

Preparation of 6V-STTHTTS•12PF6

Scheme 5.22: Synthesis of 6V-STTHTTS•12PF6

6V-TTHTT•10PF6 (958 mg, 3.07 mmol, 1 equiv), 4-vinylbenzyl chloride (23.4 g, 21.7 mL, 154
mmol, 50 equiv), and KPF6 (3.3 g, 18.5 mmol, 6 equiv) were dissolved in DMF (dry, 25 mL, 37.5
mg·mL-1 6V-TTHTT•10PF6) and heated to 60 °C for 72 h. The reaction vessel was cooled to room
temperature and the solution was transferred into three 50 mL centrifuge tubes and diluted to 50
mL with Et2O. The tubes were centrifuged at 4500 rpm for 5 min and the solution was decanted
away. The previous two steps were repeated three times. The product was sonicated in H2O to
remove the remaining unwanted salts and dried to yield 6V-STTHTTS•12PF6 as a dark brown
solid (618 mg, 55% yield). 1H NMR (500 MHz, (CD3)2SO): δH 9.50 (d, J = 6.0 Hz, 4H), 9.40 – 9.24
(m, 20H), 8.88 – 8.68 (m, 24H), 7.59 (s, 8H), 6.75 (dd, J = 17.6, 11.0 Hz, 2H), 5.93 (s, 4H), 5.91
(d, J = 20.1 Hz, 2H), 5.33 (d, J = 10.9 Hz, 2H), 4.93 – 4.82 (m, 16H), 4.73 – 4.65 (m, 4H), 4.05 –
3.91 (m, 16H), 3.61 – 3.53 (m, 16H), 3.53 – 3.44 (m, 16H), 2.07 – 1.96 (m, 4H), 1.49 – 1.38 (m,
4H).
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Preparation of Tetraphenylporphyrin – TPP-OH

Scheme 5.23: Synthesis of TPP-OH

TPP-OH was synthesized according to a previously reported literature procedure.28
Benzaldehyde (5.7 g, 53.7 mmol, 3 equiv) and 4-hydroxybenzaldehyde (2.18 g, 17.9 mmol, 1
equiv) were dissolved in propionic acid (180 mL). This solution was heated to reflux at 140 °C for
30 min. Pyrrole (4.79 g, 71.6 mmol, 4 equiv) was added dropwise to the solution under N2. The
reaction mixture was refluxed for 4 h and then cooled to RT. Then, about half the volume of the
reaction mixture was removed by rotary evaporation and MeOH (250 mL) was added into the
concentrated solution. This dark blue solution was stored overnight at 4 °C. After filtration, the
purple precipitate was collected and washed with cold MeOH. Crude product was dried under
vacuum and subsequently purified by column chromatography (silica gel, 50:50 Hex: CH2Cl2 to
100% CH2Cl2) to yield the desired product, TPP-OH, as a purple solid (0.48 g, 4% yield). 1H NMR
(500 MHz, CDCl3): δH 8.93 – 8.80 (m, 8H); 8.28 – 8.18 (m, 6H); 8.06 (t, J = 9.9 Hz, 2H); 7.83 –
7.72 (m, 9H); 7.17 (d, J = 8.1 Hz, 2H); 1.55 (s, 2H). 13C NMR (125 MHz, CDCl3): δC 142.19, 135.68,
134.55, 127.69, 126.67, 120.08, 113.65.
Preparation of Monotosylated PEG2000 (PEG-OTs)

Scheme 5.24: Synthesis of PEG-OTs

PEG2000 (10 g, 5.0 mmol, 1 equiv), p-toluenesulfonyl chloride (0.86 g, 4.0 mmol, 0.8 equiv) and
Et3N (1.15 mL, 8.0 mmol, 1.6 equiv) in 100 mL dry THF were stirred under N2 for 72 h. The mixture
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was filtered and concentrated by rotary evaporation. The crude mixture was purified by flash
column chromatography (silica gel, CH2Cl2 to 7% MeOH in CH2Cl2), PEG-OTs, was isolated as a
white solid (1.86 g, 17% yield). 1H NMR (500 MHz, CDCl3): δH 7.79 – 7.76 (m, 2H); 7.32 (d, J =
8.0 Hz, 2H); 4.14 (dd, J = 5.4, 4.4 Hz, 2H); 3.77 – 3.74 (m, 2H); 3.72 – 3.68 (m, 3H); 3.68 – 3.57
(m, 188H); 3.48 (dd, J = 5.6, 4.2 Hz, 2H); 2.72 (s, 4H); 2.43 (s, 3H). 13C NMR (125 MHz, CDCl3):
δC 129.79, 127.95, 72.50, 70.72, 70.55, 70.31, 69.21, 68.66, 61.70.
Preparation of TPP-PEG

Scheme 5.25: Synthesis of TPP-PEG

TPP-OH (0.4 g, 0.63 mmol, 2 equiv), PEG-OTs (0.63 g, 0.31 mmol, 1.0 equiv) and K2CO3 (0.88
g, 6.32 mmol, 20 equiv) in 45 mL dry DMF were heated to 80 °C under N2 for 12 h. The mixture
was filtered and dried completely by rotary evaporation. The crude mixture was purified by flash
column chromatography (CH2Cl2 to 15% MeOH in CH2Cl2). Product fractions were concentrated,
redissolved in Me2CO and CH2Cl2 and passed through a 0.45 µm PTFE (hydrophobic) filter to
remove the silica gel that dissolved during purification. The solution was concentrated and dried
to yield the desired compound, TPP-PEG, as a purple solid (0.75 g, 89% yield). 1H NMR (500
MHz, CDCl3): δH 8.88 – 8.81 (m, 8H), 8.21 (d, J = 6.5 Hz, 6H), 8.10 (d, J = 8.5 Hz, 2H), 7.79 –
7.72 (m, 9H), 7.29 (d, J = 8.5 Hz, 2H), 4.43 – 4.39 (m, 3H), 4.07 – 4.02 (m, 4H), 3.70 – 3.57 (m,
205H). 13C NMR (125 MHz, CDCl3): δC 142.18, 135.53, 134.53, 127.68, 126.66, 112.86, 70.56.
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Preparation of TPP-PEG-Acrylate

Scheme 5.26: Synthesis of TPP-PEG-Acrylate

TPP-PEG-Acrylate was synthesized using a modified procedure.28 TPP-PEG-OH (0.5 g, 0.19
mmol, 1 equiv), and Et3N (0.08 g, 0.76 mmol, 4 equiv) were dissolved in dry CH2Cl2 (20 mL) under
N2. The solution was stirred at RT for 30 min and acryloyl chloride (0.05 g, 0.57 mmol, 3 equiv) in
CH2Cl2 (5 mL) was added dropwise. The reaction mixture was stirred at RT overnight and then
diluted with CH2Cl2 (100 mL). The product solution was washed with saturated NaHCO3 (1 × 50
mL) and H2O (1 × 50 mL). The combined organic phases were dried with Na2SO4, filtered, and
concentrated by rotary evaporation. The product was dried to yield the desired compound, TPPPEG-Acrylate, as a purple solid (0.49 g, 96% yield). 1H NMR (500 MHz, CDCl3): δH 8.88 – 8.81
(m, 8H), 8.21 (d, J = 6.6 Hz, 6H), 8.11 (d, J = 8.5 Hz, 2H), 7.78 – 7.72 (m, 9H), 7.30 (d, J = 8.4
Hz, 2H), 6.45 – 6.40 (m, 2H), 6.15 (dd, J = 16.5, 10.5 Hz, 2H), 5.84 (d, J = 10.4 Hz, 2H), 4.44 –
4.41 (m, 2H), 4.33 – 4.30 (m, 2H), 4.07 – 4.04 (m, 2H), 3.88 – 3.85 (m, 3H), 3.81 – 3.77 (m, 4H),
3.75 – 3.73 (m, 5H), 3.68 (d, J = 3.3 Hz, 4H), 3.66 – 3.60 (m, 210H). 13C NMR (125 MHz, CDCl3):
δC 134.53, 133.21, 130.97, 128.29, 127.68, 126.66, 70.57.
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5.3.2 Fabrication of Hydrogels

Tables 5.1-8: Preparation of viologen-based hydrogels using 2-hydroxyethylacrylate, crosslinker, benzoyl peroxide,
and photocatalyst.
5.1: SHHHHHS 5.2: STTTTTS 5.3: SHTHTHS 5.4: STHTHTS 5.5: SHHTHHS 5.6: STTHTTS 5.7: STHHHTS
5.8:SHTTTHS

A modified procedure was used for the synthesis of the hydrogels.29 All sequences were
converted to the chloride salt by dissolving in MeCN, addition of excess tetrabutylammonium
chloride, and subsequent washes with MeCN. The reagents for polymerization (Tables 6-13)
were dissolved in 1.20 of DMSO and the solution was vortexed and sonicated to ensure complete
dissolution and even mixing. The solution was then plated into a circular, disk mold. The molds
were heated in an oven at 85 °C for 15 min. The cured gels were carefully removed from the gel
molds using a spatula and placed in a solvent-resistant plastic box. The gels were then soaked
in aqueous 0.1 M Zn(OAc)2 in 3 mM triethanolamine for 24 h to add Zn into the cavity of the
porphyrin, 3 mM TEOA for 24 h to rinse out excess Zn, 10 mM EDTA for 24 h to ensure complete
removal of excess Zn, and 3 mM TEOA for 24 h to ensure complete removal of EDTA/EDTA-Zn
complexes.
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5.4 Results and Discussion
5.4.1 Characterization of Palindromic Polyviologens of Differing Sequences and
the Porphyrin-based Photocatalyst
Though this work utilizes very simple substitution reactants as described in previous
chapters, the development of the synthetic protocols described herein required significant
fine-tuning. Due to aromatic nature and the electron-withdrawing effect of the attached
pyridinium rings, nucleophilicity of the bipyridine and bipyridiniums are significantly reduced.
We utilized halogen leaving groups at the termini to facilitate complete conversion, but harsh
reaction conditions were still required (130 °C for 16–24 h in a high-pressure vessel). Due to
the differing viologen tethers, the purification conditions for each new compound were
optimized separately. The linear, unimolecular, palindromic polyviologens of differing sequences
were synthesized via an iterative step-growth synthesis method modified from what was
described in Chapter 4. The investigation began with two different linkers: hexyl and tetraethylene
glycol (TEG) chains. From those two linkers, two dimers (pyridine end-capped), four dimers endcapped with either hexyl or TEG, eight hexamers (pyridine end-capped) and eight styrenated
hexamer sequences were synthesized.
1

H NMR characterization of 2V-X•2PF6 (where X is hexyl or TEG) shows only four distinct

aromatic proton resonances between 7.75 and 9.25 ppm that correspond to the non-equivalent
protons along the pseudoviologen core (Figure 5.2a, bottom two spectra). For the 2V-X-Y•4PF6
(where Y is -Br or -OMs) sequences, we found that the use of dimesyl instead of dibromo
tetraethyleneglycol was beneficial in retaining full functionality at the terminus of the chains and
to allow for easier characterization by 1H NMR spectroscopy. NMR characterization (Figure 5.1)
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Figure 5.1: 1H NMR characterization (500 MHz, (CD3)2SO) of the dimer-based intermediates to synthesize viologenbased crosslinkers of varying sequences. From bottom to top: 2V-H•2PF6, 2V-T•2PF6, 2V-HHH-Br•4PF6, 2V-TTTOMs•4PF6, 2V-HTH-Br•4PF6, and 2V-THT-OMs•4PF6 in DMSO-d6.

of the -OMs or -Br terminated compounds show two aromatic proton resonances for HHH and
TTT and three resonances for the HTH and THT sequences between 8.50 and 9.50 ppm that
correspond to the protons within the viologen core. For the HHH and TTT sequences, the
viologens aromatic protons are chemically equivalent and give rise to only two aromatic
resonances. For the HTH and THT sequences, there is not a chemical equivalency of the α
protons, which gives rise to two separate resonances between 9.25 and 9.40 ppm. The protons
adjacent to the terminus were integrated and compared to the aromatic resonances to confirm
proper ratios and complete functionality.
Characterization (Figure 5.2) of pyridine-end capped hexamers show 6 aromatic
resonances for HHHHH and TTTTT homosequences and 7 aromatic resonances for the other
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Figure 5.2: 1H NMR characterization (500 MHz, (CD3)2SO) of the hexamer-based intermediates to synthesize viologenbased crosslinkers of varying sequences. From bottom to top: 6V-HHHHH•10PF6, 6V-TTTTT•10PF6, 6VHTHTH•10PF6, 6V-THTHT•10PF6, 6V-HHTHH•10PF6, 6V-TTHTT•10PF6, 6V-THHHT•10PF6, and 6V-HTTTH•10PF6.

Figure 5.3: Size exclusion chromatography of the styrene end-capped polyviologens.

140

Figure 5.4: 1H NMR characterization of the crosslinkers. From bottom to top: 6V-SHHHHHS•12PF6, 6VSTTTTTS•12PF6, 6V-SHTHTHS•12PF6, 6V-STHTHTS•12PF6, 6V-SHHTHHS•12PF6, 6V-STTHTTS•12PF6, 6VSTHHHTS•12PF6, 6V-SHTTTHS•12PF6,

heterosequences between 8.0 and 9.50 ppm. For the homosequences, the aromatic resonances
stem from non-equivalent protons along the pseudoviologen core (4 distinct resonances
integrating to 4 protons each) and equivalent protons within the inner viologen core (2 distinct
resonances integrating to 16 protons each). For the heterosequences, the α proton resonances
split into a 12:4 ratio (HTHTH, THHHT, HHTHH, and TTHTT) and an 8:8 ratio (THTHT and
HTTTH). After conversion to the styrene endcap, size exclusion chromatography (Figure 5.3) and
NMR spectroscopic analysis (Figure 5.4) was used to confirm full conversion.
After visual inspection, it became evident (Figure 5.5) that each of the compounds have

different physical properties, including differing levels of hygroscopicity, color, and material
texture (fine powder vs. viscous oil). Due to the small differences at a molecular level, we see
unique physical properties, which was quite promising when considering the potential of their
use in macroscale materials.
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Figure 5.5: Qualitative analysis of select sequences demonstrating vastly different physical and mechanical properties.

5.4.2 Fabrication and Characterization of Viologen-based Hydrogels
Six individual hydrogels of using each crosslinker were fabricated for each sequence using
modified procedures. We attempted to fabricate the gels with the porphyrin catalyst already
metalated, but these screens did not produce uniform gels or did not produce any gel material.
We hypothesize that the free-radical polymerization to generate the hydrogels was being

Table 5.9: Characterization of the hydrogels synthesized from each sequence in terms of storage (Gʹ) and loss (Gʺ)
moduli, swelling ratio, crosslinking density, and molecular weight between crosslinking junctions.
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intercepted by the metal ion within the gel mixture, so we switched to adding the metal post hoc
to alleviate these issues.
Oscillatory shear rheology was performed in triplicate on the oxidized, swollen hydrogels
to obtain the storage (Gʹ) and loss (G″) moduli (Table 5.9). Subsequently, the hydrogels were
lyophilized, and their swollen and dry masses were used to calculate the volumetric swelling ratio
(Q), crosslinking density (mol·m3), and the molecular weight of the polymer chains between the
crosslinking junctions. Due to the low amount of crosslinker present within the hydrogels, there
does not seem to be a significant trend in each of the values

5.4.3 Performance and Mechanical Property Evaluation of the Hydrogel Actuators
With the hydrogels in hand, their ability to perform as a photo-responsive actuator was
assessed by measuring the gel’s change in volume as a function of irradiation time.

The

hydrogels, soaked in 3 mM TEOA and contained within the N2-filled glovebox, were places in a
clear Petri dish that was suspended between two blue (450 nm) light sources using a ring stand.
The gels were irradiated for a total of 300 min and at regular intervals (15, 30, 45, 60, 90, 120,

Figure 5.5: Kinetics of the contraction of the viologen-based hydrogels.
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180, 300 min) the diameter and thickness were measured, and the volume loss was calculated
(Figure 5.5). Interestingly, the extent and rate of contraction for each of the sequences did not
differ significantly and all the sequences contracted to around 20% of their original volume after
300 min of light irradiation. We hypothesize that this is due to the low loading of the redox-active
component, which functions as the crosslinker that is present in small amounts compared to filler
polymer.
The change in stiffness of the hydrogels after 3 h of irradiation was measured by oscillatory
shear rheology (Figure 5.6) Similarly, there is no apparent trend for the change in the storage or

Figure 5.6: Storage and loss moduli before (O, oxidized) and after 3 h of irradiation with blue light (R, reduced) for
each sequence.

loss moduli as a function of the sequence of the crosslinker, possibly again due to the low loading
amount. When taking the crosslinking density into consideration, there is a small trend that can
be observed (ΔGʹ/Crosslinking Density: SHTTTHS > SHTHTHS > STTHTTS > SHHHHHS >
STTTTTS > STHTHTS > STHHHTS). The dimer endcapped with either hexyl or TEG seems to
determine the mechanical and physical properties of the resultant polymers and materials. All
dimers using TEG as the end linker at the dimer stage show the highest change in the storage
modulus when correcting for the crosslinking densities. The only exceptions to this rule being the
sequences containing only one type of linker. Additionally, the linker immediately preceding the
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styrene group may impact its ability to contract and fold. Due to the large error associated with
the SHTHTHS and STTHTTS sequences, a trend may exist where a hexamethylene linker on the
ends of the sequences enhances the ratio of the volume before/oxidized and after/reduced
photoreduction. Regardless, the overall change in mechanical properties for all sequences
(oxidized vs reduced) is significant and any one of these crosslinkers could be used in future
applications. Further investigation must be completed before making concrete claims about the
effects of polymer sequence on macroscale hydrogel properties (varying crosslinking densities,
thermogravimetric analysis, differential scanning calorimetry, powder X-ray diffraction, etc.).

5.5 Conclusions
In this chapter, we have demonstrated that the new strategy to synthesize unimolecular
polyviologens from Chapter 4 can be applied to the synthesis of more complex polymer structures.
By incorporating a new linker, tetraethylene glycol, synthetic challenges had to be overcome to
ensure full functionality and control over the propagation of the polymer. This inherent challenge
allows for different mechanical properties within the material since the two different tethers are on
opposite ends of the polarity and crystallinity spectrum. Crosslinkers containing hexamethylene
and tetraethylene glycol linkers in precise locations were polymerized into hydrogels and their
performance as hydrogels was evaluated. Even though the sequences behaved very similarly in
terms of extent of actuation and overall mechanical properties within a hydrogel, we believe that
further studies into these materials will give us much more insight into the role of the sequence of
a polymer within a material.

As it stands, we have only incorporated the viologen-based

crosslinkers into poly(HEA)-based hydrogels at 0.1 mol% loading which we believe is not enough
to be able to recognize any patterns in the mechanical and physical properties as it relates to the
sequence. But we do see promise in a qualitative sense since each sequence during their
synthesis behaved completely differently. Perhaps a small amount of each material is not enough
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when incorporated into a macroscale hydrogel. Therefore, further studies need to be
accomplished to finish the story including higher loading of viologens into the hydrogels, PXRD
to determine the crystallinity, and TGA and DSC to determine the thermal properties of the
compounds.
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Chapter 6:

Summary, Future Directions,

and Final Thoughts
This chapter is based on unpublished work performed by Abigail O.Delawder, † Mark S. Palmquist,
†
Tiana M. Saak, Max C. Grushka, Faheem Amir, Nathan D. Colley, and Jonathan C. Barnes.
†

Authors contributed equally to this work

J.C.B. conceived the idea, and J.C.B., A.O.D., F.A., and M.S.P. designed and completed the
experiments.

6.1 Dissertation Summary
In this body of work, I have described all the research struggles, challenges, and triumphs
that I have overcome over the course of my graduate career. I started this journey hoping to use
viologens to template the synthesis of topologically complex structures and to synthesize
biomacromolecules. After working with my mentor, our post-doc Angel, my focus and passion
quickly transitioned into the precise synthesis of polyviologen-based crosslinkers for hydrogel
materials.
With an eye towards those that have come before me and laid the groundwork for my
research (Chapter 1), we developed a new method to actuate hydrogel materials (Chapter 2) that
were incorporated into soft materials via a free-radical process. These hydrogels responded to
450 nm blue light after soaking in a Ru(bpy)3 solution and could be photopatterned using a
carefully constructed mask. Nonetheless, the photopatterned hydrogels exhibited statistically
significant changes in stiffness before and after irradiation and in regions that were and were not
masked.
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Capitalizing on this work, in Chapter 3 I discussed the development of a new crosslinker
that was tethered using a hydrophobic, more crystalline hexamethylene chain instead of a
hydrophilic and flexible ethylene glycol chain. This allowed for a more straightforward synthesis
and an easier purification process. We did not have as much of an issue with end-group
degradation as the previous crosslinkers because the polymers were much less hygroscopic. We
also characterized these new crosslinkers inside of a hydrogel actuator and performed rheological
testing to determine whether the actuation abilities were improved as compared to previous
studies.
In Chapter 4, I developed a method that streamlined the synthesis of extremely long
polyviologens.

At that point, the longest unimolecular polyviologens that had ever been

synthesized were by the Stoddart group1 and our group. To their credit, the Stoddart group was
able to crystallize their polyviologens – due to it containing rigid aromatic groups – to understand
their precise folding and unfolding capabilities, however, the 12-mer was tediously purified out of
the reaction mixture whereas our synthetic method bypasses tedious HPLC purification
processes. This new method of synthesis that I developed eliminated 14 synthetic steps to
produce the longest oligoviologen chain to date: a 26-mer. Even though these chains look easy
to synthesize since its “just Sn2 reactions,” retaining full functionality at the end groups and
pushing the reaction to completion every single reaction was incredibly challenging. Thankfully,
this process has been reduced to practice and will hopefully be used by other lab members for
years to come.
Once a new methodology was established to precisely synthesize polyviologens, my
undergrad mentee, Tiana Saak, and I pioneered the synthesis of sequence-defined, palindromic
polyviologens so that we could fundamentally understand how sequence affects the bulk
properties of a material and how it would change the behavior within a hydrogel actuator.
Faheem, our post-doc, had previously published results that utilized a zinc porphyrin
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photocatalyst that could be used to reduce viologens via a photoredox mechanism using either
blue or red light, resulting in an overall contraction of a hydrogel in which the crosslinker and
photocatalyst resided.

This shift from blue to red light paves the way for new biological

applications. Due to ease of use, we decided to stick with blue light for this work to maximize the
actuation of the hydrogels. As we continued through the synthesis of each of the eight sequencedefined polyviologen hexamers, we noticed stark differences in the physical properties. We were
very hopeful that this would lead to significant differences in terms of actuation and mechanical
properties of the hydrogels before and after irradiation. However, due to very low crosslinker
loading, no subtle differences were seen for the different sequences. More research into these
polyviologen sequences as a function of crosslinking density is needed before concrete
correlations between crosslinker sequence and macroscale properties can be established.

6.2 Future Directions
After using ruthenium tris(bipyridine) dichloride as the photocatalyst to reduce viologens
to their monoradical cations upon irradiation with 450 nm light, we quickly realized that to make
our systems more biocompatible, we needed to incorporate new photocatalysts that could absorb
light at lower energy (i.e., longer wavelengths). Faheem was the first to do so and developed a
poly(HEA) and poly(N-isopropyl acrylamide)-based (NIPAM) hydrogel that incorporated a zincporphyrin-based photocatalyst.2 Upon irradiation with blue or red light, he noticed an increase in
the actuation kinetics and extent of actuation upon heating the gels up to 50 °C, well above the
lower critical solution temperature of NIPAM.3 After reaching the temperature threshold, the
polymers within the pNIPAM domain precipitate from solution and contract the hydrogel. In most
pNIPAM systems, this typically occurs at physiological temperatures (~37 °C). This multimodal
approach to actuating hydrogels was the first indication that we could move into more biologically
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relevant avenues. Moving forward we need more photocatalysts with absorption profiles shifted
from red light to farther into the near-IR.
Recent work that I completed in collaboration with Mark Palmquist (unpublished results)
aims to overcome that challenge. We have developed a protocol to synthesize a new azaBODIPY-based photocatalyst that can absorb light at longer wavelengths, and subsequently
reduce viologens by one electron. The synthesis of this compound is outlined in Figure 6.1. Due
to its traditionally symmetric structure and the desire to generate a single reactive site instead of
a crosslinker, an asymmetric synthesis was proposed. The synthesis begins with two separate
aldol reactions with 4-(dimethylamino)benzaldehyde and either 4-methoxyacetophenone or 4-

Figure 6.1: Photocatalysts for the reduction of viologen-based crosslinkers. a) Structures and wavelengths that initiate
photoelectron transfer between photocatalyst and viologen substrate. b) Synthesis of Aza-BODIPY-TEG-Acrylate, a
precursor to the near-IR light photocatalyst.
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hydroxyacetophenone which generate chalcone compounds 2 and 5. Next, the hydroxychalcone
was reacted with monotosylated triethylene glycol to yield compound 3. We believe that this glycol
addition will enable more water solubility of the final product. Next, both chalcones (methoxy and
triethyleneglycol) were reacted with an excess of deprotonated nitromethane to generate the
Michael reaction intermediate. The two halves are combined, refluxed with ammonium acetate in
EtOH, and precipitated from EtOH. This mixture of monomethoxy monoglycol, dimethyoxy, and
diglycol were purified via flash column chromatography to yield pure compound 7. After the
synthesis of the parent structure, compound 7 was reacted with BF3•Et2O to yield compound 8,
and after a quick aqueous extraction and drying, was reacted with acryloyl chloride to generate
the final compound 9. After scale up of this synthesis, Mark Palmquist will begin the incorporation
into soft materials.

Figure 6.2: UV-Vis-NIR spectra of dimer viologen 2V•2OTs•2Cl reduced using aza-BODIPY-initiated photoelectron
transfer after irradiation with red light.
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Preliminary

results

from
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tetramethoxy

aza-BODIPY

(no

dimethylamines)

demonstrates the ability to reduce viologens after irradiation of a mixture of aza-BODIPY (0.3
mM), 2V-OTs•2OTs•2Cl (0.1 mM), and TEOA (0.3 mM) with red light for 60 min. Analysis of the
UV-Vis-NIR spectra (Figure 6.2) reveals a distinct radical-radical spin-pairing band that appears
between 800 and 900 nm, confirming the reduction of viologen-based compounds is possible with
the near-IR photocatalyst. We believe that since these compounds can absorb well into the nearIR region, a much more biocompatible wavelength of light that has a greater penetration depth
than our previously used blue light, this project moves us closer and closer to human applications.
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